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A b s t r a c t
The work described in this thesis investigates the effects of elastic strain on the 
performance of InP-based semiconductor lasers operating at wavelengths around 
1.5p.m. The results presented range from theoretical calculations of the strain 
relaxation observed at the edge of strained-layer structures to the experimental 
application of uniaxial stress to quantum well lasers.
Using an atomistic approach, the strain distributions at the edge of a single 1% 
compressively-strained layer are calculated for layers of differing thickness. These 
results are compared w ith a continuum Fourier series method, to assess whether 
the continuum method becomes inappropriate at small layer thicknesses (<  30A). 
Good agreement is observed in all results, even in layers w ith  thicknesses of 5 
monolayers ( ph 15A), indicating that continuum calculations are still relevant for 
predicting the strain distributions of thin strained layers.
The change in the performance of 1.55pm lasers, due to the introduction of ten­
sile or compressive strain into the active region is studied theoretically using a 
bulk analysis. The study concentrates on the behaviour of the valence bands w ith 
strain. I t  is observed that the removal of the valence band degneracy and sub­
sequent change in the character and dispersion of the upper valence band states 
have a profound effect on the laser’s performance. The work is quantified by inves­
tigating the threshold carrier and radiative current densities up to 2% tensile and 
compressive strain, and comparing w ith experimental quantum well laser results.
The study of lasers using a bulk-like analysis can elucidate some of the impor­
tant mechanisms responsible for the behaviour of strained quantum well lasers. 
However, i t  does not account for many other factors that influence quantum well 
devices. A qualitative and quantitative study of the threshold current in  quan­
tum  well lasers operating around 1.5pm is considered. Sophisticated quantum- 
well modelling programs are used to calculate the band structure and gain in 
strained laser devices, and to compare directly w ith the experimental variation 
of the threshold current density w ith  cavity length for lasers w ith unstrained, 
compressively-strained and tensile-strained active regions. Results indicate the 
persistence of Auger recombination as the dominant mechanism contributing to 
the threshold current, in all devices. The observed change in the threshold current 
density, and its cavity length dependence, w ith strain is attributed to several key
ii
device parameters; namely the differential gain, optical confinement factor, trans­
parency carrier density and Auger recombination coefficient. The two-dimensional 
Auger coefficient is estimated numerically and compared w ith  experimental and 
theoretical values in the literature. It is found to be in reasonable agreement w ith  
some quoted results. Poor electron confinement in  the quantum wells and the 
presence of intervalence band absorption is also discussed and related to seemingly 
anomalous results.
The design of quantum well lasers at differing strains, requires that the lasers be 
grown w ith active layers of differing material composition. This change in compo­
sition can provide uncertainties in a theoretical analysis. Thus, in order to evaluate 
the role of strain alone on a quantum well laser, uniaxial stress measurements are 
performed to apply elastic strain externally to a laser device w ithout changing the 
composition. The design and implementation of a new uniaxial stress system using 
opposing metallised diamonds is described. The experimental technique is covered 
along w ith suggestions for improvements to the present system. Preliminary results 
on unstrained ridge-waveguide and tensile-strained oxide-defined stripe devices are 
shown, and discussed. Compressive uniaxial stresses, upto Gkbar, are applied along 
the growth direction of the laser, giving rise to an increase in the in-plane strain 
of the devices equivalent to approximately 0.3% tensile lattice-mismatch.
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C h a p t e r  1  
I n t r o d u c t i o n
Since its conception in 1962, the II I-V  semiconductor laser diode has come a long 
way. Advances in the epitaxial growth techniques and hence material purity  have 
led to a plethora of semiconductor laser devices covering a wide wavelength range. 
Growth techniques such as molecular-beam epitaxy (MBE) and metallo-organic 
chemical vapour deposition (MOCVD) have enabled high-quality structures to be 
grown w ith well-defined layer thicknesses down to tens of Angstroms, where quan­
tum  confinement effects are observed in quantum well structures. The reduction 
in  the active layer thickness of a semiconductor laser led to the introduction of the 
quantum well laser, first observed by van der Ziel e t a7.[l], which showed greatly 
improved performance over conventional double lieterostructure lasers.
The quantum well laser structures were restricted, however, because it  was believed 
that the quantum well and barrier compositions had to have lattice constants very 
close to that of their I 11P or GaAs substrates. This was thought to be necessary be­
cause strain relaxation of lattice-mismatched layers lead to defects and dislocations 
forming in the structure, which degraded the crystallinity and hence device perfor­
mance. Compositions of the well and barrier were then severely lim ited in order 
to remain lattice-matched to the substrate and lienee large sections of composition 
space could not be used.
However, layers w ith significant lattice mismatch strain, and no strain related 
defects, are now routinely grown, providing the layer thickness is th in enough that 
the strain can be accommodated elastically. Strained-layer heterostructures are 
now widely used for quantum well semiconductor lasers. The incorporation of 
layers w ith  a significant misfit of the lattice parameter introduces elastic strain
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in. the layers thus providing an additional variable for device designers. Material 
compositions previously unusable because of lattice mismatch considerations could 
now be utilised in strained-layer systems.
Not only are strained-layer structures of interest because of their novel and exciting 
physical properties, the predicted advantages of strained-layer devices over conven­
tional devices are also significant. It was originally suggested, by Adams[2] and by 
Yablonovitch and Kane[3], that the growth of strained quantum well structures, 
where the quantum well is under biaxial compression, should lead to improved 
performance in II I-V  semiconductor lasers. These improvements were predicted 
because the bu ilt-in  axial strain in the quantum well layer splits the degeneracy of 
the light-hole and heavy-liole states at the valence band maximum, and can lead 
to the highest valence sub-band having a low effective mass in the quantum well 
plane. This reduces the number of carriers required to achieve population inversion 
and hence may lead to a reduced current density and an increased differential gain 
at threshold[4]. It was further suggested by Adams[2] that the reduced valence 
band mass may lead to the virtual elimination of the intrinsic loss mechanisms of 
inter-valence band absorption (IVBA) and Auger Recombination in lasers operat­
ing around 1.5/xm. Many of these predicted benefits, have now been demonstrated 
experimentally[5,6,7,8,9,10] and studied theoretically[4,11,12,13,14], for lasers un­
der biaxial compression and tension.
However, much remains uncertain about the mechanisms by which strain improves 
the performance of strained quantum well lasers. In  particular, it is very difficult to 
decouple the various effects associated w ith comparing laser devices performance 
at differing strains. In  order to change the lattice-mismatch it  is necessary to 
change the composition of the well and this also changes many other parameters. 
There are still uncertainties in the variation of certain fundamental bandstructure 
parameters w ith composition. These uncertainties make it  very difficult to provide 
quantitative theoretical comparisons of realistic strained quantum well lasers. The 
exact mechanisms responsible for the continuing poor temperature performance 
of long-wavelength lasers is also uncertain, mainly due to a lack of knowledge 
concerning the processes contributing to the threshold current of these devices.
In  this thesis, theoretical and experimental studies are made of the role of elas­
tic strain on the performance of semiconductor lasers operating around 1.5//m 
wavelength, in  order to understand and determine the many factors affecting the
2
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performance of these devices w ith strain. In particular, the work concentrates on 
the evaluation of the effect of both tensile and compressive strain on the threshold 
current and carrier densities of quantum-well lasers. The following sections give a 
brief overview of the work described in this thesis.
C hap te r 2: Basic Sem iconductor Laser T heo ry
In  chapter 2, a brief introduction to qualitative semiconductor laser theory is pre­
sented, covering the basic concepts necessarily assumed throughout the rest of this 
thesis. The ideas of optical absorption, spontaneous and stimulated emission and 
the density of states are covered. The Bernard-Duraffourg condition is explained 
and related to the transparency carrier density, which is then extended to the 
net stimulated emission rate, optical gain and the threshold gain condition for a 
Fabry-Perot type laser device. The theory of the threshold current is explained 
and developed to include both the radiative and non-radiative contributions impor­
tant in  lasers operating around 1.5/mi wavelength. Finally, the external quantum 
differential efficiency is briefly treated and related to the optical losses.
C hap te r 3: S tra in  R e laxa tion  in  S tra ined -Layer S tru c tu res
A variety of experimental techniques are available to measure the lattice-mismatch 
strain accommodated w ithin strained-layers. One such technique is known as the 
cleaved-wedge method (CWM). This involves taking Transmission Electron Mi- 
croscopy(TEM) images of 90°-wedge samples at the edge of a strained-layer. Close 
to the edge of the semiconductor, surface bulging occurs (in the case of compressive 
strain) due to elastic relaxation of the strained-layer. Using the CWM technique, 
images are produced of the strain relaxation at the sample edge. The images pro­
duced of this relaxation are then compared with theoretical predictions using con­
tinuum stress/strain calculations. The accuracy of continuum theories to predict 
the strain distribution and the associated atomic plane bending must be questioned 
for structures in which the strained-layer thickness is of the order of a few monolay­
ers. I t  is important to assess the point at which the continuum approach becomes 
inaccurate. Chapter 3 begins w ith an introduction to the incorporation of strain 
into epitaxial layers. 2-D strain distributions are calculated at the edge of a single 
compressively strained-layer between two unstrained barriers, using an a to m is t ic  
method, and compared w ith results from continuum calculations performed using 
a Fourier series method. I t  is assumed that the atoms occupy sites on a triangular 
lattice and interact via a Keating potential. The strained-layer consists of atoms
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whose preferred lattice spacing is 1% larger than that of the surrounding material 
and thus is compressively-strained. The three strain components, ex x , exy and eyy, 
are calculated, where the £-direction is the simulated growth direction. The re­
sults, consisting of coloured contour plots of the strain distributions, are generated 
in strained-layers consisting of 5 and 10 monolayers.
Overall the agreement is very good, even for such thin layers. Differences in 
the strain distributions are most apparent in regions where the strain is chang­
ing rapidly, namely close to the edge of the structure for exx and eyy and at the 
layer/barrier interface for evy. As expected, the differences are greatest for the 
thinnest layer. The displacements of the top layer of atoms, as calculated us­
ing the continuum method, are in  very good agreement w ith  the results obtained 
directly from the atomistic calculations.
C hap te r 4: Im p ro ve d  Perform ance o f  S tra ined  B u lk -lik e  Lasers
In  this chapter, it  is shown theoretically that the incorporation of either tensile or 
compressive strain can have significant advantages for long wavelength bulk-like 
lasers, w ith greater advantage being achieved in tensile-strained structures. The 
chapter begins by describing the theory used in the analysis, including the form 
of the Hamiltonian, defining the electronic bandstructure. A study is then made 
of the behaviour of the bulk valence bands w ith tensile and compressive strain, 
compared to the unstrained case. It  is shown that there are two major changes in 
the valence bandstructure w ith strain; namely, the removal of the lieavy-hole and 
light-liole degeneracy at the T-point maximum, and a subsequent change in the 
character of the upper valence states contributing to stimulated and spontaneous 
emission.
The effect of the spin-orbit interaction on the character of the valence states as 
a function of built-in  strain is calculated and it  is shown that the strain-induced 
interaction w ith  the bands have a significant influence on laser characteristics. I t  
is shown that the effect of strain on the character of the upper valence states is 
to decrease the symmetry of the states which are most dominant in the radiative 
recombination processes, matching them more to the 1-D symmetry of the laser 
beam.
The changes in the valence bands are quantified by calculating the threshold carrier 
and current densities, assuming a constant threshold gain, as a function of the 
strain. I t  is found that the incorporation of either tensile or compressive strain
4
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reduces the threshold carrier and current densities and improves the differential 
gain. The results are compared, qualitatively w ith experimental results.
The contribution made by unproductive spontaneous emission to the threshold 
current is compared as a function of strain. I t  is found that by changing the 
character of the upper valence band states the introduction of strain can reduce 
the amount of spontaneous emission polarised in directions not contributing to the 
dominant lasing polarisation. The reduction is observed to be greatest w ith  tensile 
strain.
C h a p te r 5: The A na lys is  o f S tra ined  Q uan tum  W e ll Lasers
Realistic strained-layer laser devices, are grown w ith active layer thicknesses typ­
ically less than 200A, where quantum confinement effects are observed. Thus, 
although the theoretical bulk-like analysis, presented in chapter 4, has shown im ­
portant effects contributing to the improved performance of these lasers, i t  does 
not consider the many other contributions and interactions in a realistic strained 
quantum well laser.
In  this chapter, a qualitative treatment of the effects of strain on the performance of 
quantum well lasers is discussed. Using this approach the general trends and factors 
affecting the quantum well laser are considered. The discussion w ill concentrate 
mainly on the behaviour of the quantum well valence bands under both tensile and 
compressive strain, as the change in the valence band structure tends to be the 
most dominant factor.
Finally, a brief description of the theoretical programs used to quantitatively model 
the behaviour of strained quantum well lasers, used in chapters 6 and 7, is carried 
out. The programs calculate the various alloy material parameters which are then 
used in  the calculation of the conduction and valence quantum well bandstructure, 
laser gain and spontaneous emission.
C h a p te r 6: The Th resho ld  C u rre n t o f S tra ined  Q u a n tu m  W e ll Lasers
The threshold current of 1.5//.m wavelength lasers is made up of a number of con­
tributions which are expected to vary w ith strain and are not properly quantified. 
In  this chapter, quantitative evaluation of the behaviour of the threshold current 
of strained and unstrained quantum well lasers operating around 1.5/xm is studied.
A series of tensile-strained laser devices is in itia lly  studied. Pliotovoltage(PV)
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and photoluminescence(PL) measurements, used to predict the optical transitions, 
are fitted using the theoretical model, described in chapter 5. Good agreement 
is observed between theory and experiment. Using results from the literature of 
the variation of the threshold current density w ith cavity length for these tensile- 
strained lasers and the material parameters from the PV and PL measurements, 
previously fitted, a quantitative theoretical analysis of the experimental threshold 
current is carried out. The various factors contributing to the threshold current 
of strained quantum well lasers are assessed and compared w ith the variation of 
some key laser parameters from theory.
Following tluis, experimental results from the literature on 1.1% compressively- 
strained laser devices are analysed using the same method and compared w ith 
the tensile-strained and unstrained lasers. The results from this analysis indicate 
that the experimentally observed change of threshold current w ith strain can been 
attributed theoretically to the change of several parameters; namely the differen­
tia l gain, optical confinement factor, transparency carrier density and the Auger 
recombination coefficient. The change in the Auger coefficent w ith strain is found 
and compared w ith other published results. Results not fitting  the expected trends 
were attributed to a number of mechanisms. In particular, an increase in the 2- 
dimensional transparency carrier density w ith increasing tensile strain is attributed 
to decreasing electron confinement in the wells. The large increase in  the carrier 
density dependence of the threshold current density at moderate tensile strain is 
suggested to be due to the prescence of intervalence band absorption in these de­
vices. However, some parameters used in the theoretical analysis are not properly 
quantified and further work is suggested at the end of the chapter.
C hap te r 7: U n ia x ia l Stress on Q uan tum  W e ll Lasers
When comparing the performance of semiconductor lasers at different strains, it  
is difficult to separate the effects due to strain alone from the many other factors 
that are changing, for example changes in composition and well-width. The study 
presented in chapter 6, although providing estimates of some of the main contribu­
tions to the change in performance of the lasers w ith strain, may still suffer from 
many uncertainties due to a changing composition.
The application of uniaxial stress to quantum well lasers, as described in  this chap­
ter, allow fine tuning of the strain in a single device, therefore allowing the study of 
the effects of strain alone on the devices performance. Uniaxial compressive stress
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is applied in the growth direction of a laser providing biaxial tensile strain in the 
quantum well plane, giving strains w ith similar effects to in-built tensile lattice 
mismatch strain. The stress system was designed and developed using a miniature 
diamond-anvil cell normally used for high hydrostatic pressure (>50kbar) mea­
surements. Stresses upto 6 kbar were achieved 011 InGaAs/InGaAsP quantum well 
lasers, the highest stress, to our knowledge, performed 011 devices in this material 
system.
The development of this technique is discussed and preliminary results are pre­
sented showing evidence of the usefulness of the technique in  understanding the 
effects of strain on quantum well lasers. The stress is applied to both oxide-defined 
stripe and ridge waveguide long wavelength lasers. A new system is required to 
provide better control of the stress. In the final section suggestions of improved 
designs for the application of uniaxial stress are discussed.
******
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C h a p t e r  2
B a s i c  S e m i c o n d u c t o r  L a s e r  
T h e o r y
2.1 I n t r o d u c t i o n
This chapter briefly examines the fundamental theory necessary to provide an 
adequate description of semiconductor lasers relevant to the work described later in 
this thesis. A more thorough examination of semiconductor laser theory and device 
performance can be found in  several texts, most notably Agrawal and Dutta[15), 
Casey and Panish[16] and Thompson[17].
2.2 E l e c t r o n i c  T r a n s i t i o n s
The electronic radiative transitions that take place between the bands in a semi­
conductor laser play a similar role to the transitions between individual pairs of 
electronic states in  a two level laser system, although the actual electronic struc­
ture in semiconductors is much more complex. In both cases, the electrons interact 
w ith  the photons in three ways, namely spontaneous emission, optical absorption 
and stimulated emission. These three processes are shown schematically in  Fig. 
2.1.
In  an undoped, direct band-gap, semiconductor in  thermal equilibrium, the con­
duction band usually contains only a few filled states and the valence band a few 
empty states. The small number of electrons in the conduction band w ill tend to 
recombine w ith the empty states or holes in the valence band, in the process of
Chapter 2 Basic Semiconductor Laser Theory
(a) Spontaneous (b) Absoiption (c) Stimulated Emission
Emission
Figure 2.1: The three simplest direct transitions in a semiconductor laser system, 
(a) spontaneous emission, (b) absorption and (c) stimulated emission. Electrons 
are represented by ® and holes by o.
which a photon is emitted by spontaneous emission.
I f  however, a photon of suitable energy passes through the material, i t  has a high 
probability of beign absorbed by interaction w ith an electron in the valence band 
exciting the electron into the conduction band.
The th ird  process occurs when a photon of suitable energy interacts w ith an elec­
tron in the conduction band stimulating the electron to recombine w ith  a hole in 
the valence band and emit a second photon. The emitted photon has the same 
phase and frequency as the stimulating photon. Stimulated emission is a highly 
improbable process in the case of thermal equilibrium, because the population of 
electrons in the conduction band is very small. In order to increase the probability 
of stimulated emission one has to increase the number of electrons in the conduc­
tion band. This is normally achieved by electrical injection. As the number of 
electrons in the conduction band increases, a point is reached when a photon w ill 
have the same probability of causing stimulated emission as of being absorbed, and 
this leads to the semiconductor becoming optically transparent. The condition for 
net stimulated emission is that first stated by Bernard and Duraffourg [18];
E fc  -  E fv  >  h v  (2.2.1)
where E j c and E j v are the quasi-Fermi levels in the conduction and valence bands 
respectively. Hence there is net stimulated emission, or optical gain, for photons 
w ith energies, E  =  h i / ,  between the band-gap, E g, and E f c — E f v , a range which
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corresponds to a wide spectral bandwidth (a few tens of nm). Thus, there is 
a certain number of injected carriers per un it volume, or carrier density, above 
which the semiconductor w ill undergo net stimulated emission. This is known as 
the transparency carrier density.
2.3 D e n s i t y  o f  States
The carrier density at which the Bernard and Duraffourg condition is satisfied 
depends largely on the density of states (DOS) in the conduction and valence 
bands. The density of states of a bulk 3-dimensional semiconductor is shown in 
Fig, 2.2(a), along w ith  the carrier occupancy (shaded area). I t  can be seen that the 
density of states and carrier occupancy become vanishingly small as the band-edge 
is approached. The m ajority of direct (no change in momentum) radiative transi­
tions in a laser take place via carriers in states close to the conduction and valence 
band-edges. Thus, the 3-dimensional structure is highly inefficient since there are 
very few carriers close to the band-edge to take place in radiative recombination. 
Contrast this picture w ith that of a 2-dimensional quantum well DOS and carrier 
occupancy, shown in Fig. 2.2(b). Here, the DOS has a step-like shape w ith a finite 
value at the band-edge, therefore carrier occupancy is higher at lower energies.
Efc
(a) (b)
Figure 2.2: The density of states and carrier ocuppancy (shaded area) for (a) bulk; 
and (b) quantum well.
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2.4 T h r e s h o l d  C a r r i e r  D e n s i t y
Although stimulated emission occurs as soon as the carrier density increases above 
the transparency point, the laser does not emit coherent laser light until the number 
of carriers exceeds a certain critical value, known as the threshold carrier density, 
n th. This value corresponds to the point where the net stimulated emission, or 
optical gain, equals the various optical losses in the laser. However, optical gain 
alone is not enough to lead to lasing. The other fundamental requirement is that 
of optical feedback, which for the purposes of this thesis is achieved by the cleaved 
facets of the semiconductor laser forming a Fabry-Perot cavity. The cleaved facets 
provide about 30% optical intensity reflection due to the differences between the 
refractive indices of the semiconductor and air. The net round trip  gain of a 
Fabry-Perot cavity of length L, and facet reflection coefficients R 1 and R 2 is given 
b y ,
g f p  =  R i R 2e x jD [2 L (G  -  a,-)] , (2.4.1)
where G  is the modal optical gain and a ,• is the internal optical loss. In a semicon­
ductor laser, the w idth of the propagating optical field profile is typically larger 
than the thickness of the gain region. Consequently, the optical field only partly 
overlaps w ith  the gain region and this overlap is expressed by the optical confine­
ment factor, r .  Thus, the modal gain is related to the material gain by T, given 
by:
G  =  V g .  (2.4.2)
The optical loss is also dependent on the optical confinement factor. The optical 
material losses in the laser (excluding facet loss) can be represented by the following 
equation:
a; =  V a act +  (1 -  T ) a dad , (2.4.3)
(ignoring scattering losses) where a act and a ciad are the optical losses in the active 
and eladding(barrier) regions, respectively. Most of the optical loss in the struc­
ture is due to free carrier absorption, except, in  long wavelength (1.5/xm) lasers
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where the optical loss in the active region can be significantly increased by inter­
valence band absorption [19]. This process involves absorption of a photon via the 
recombination of an electron from the spin split off band w ith  a hole in  the upper 
valence band. This loss process is significant in bulk double heterostructure lasers 
but was thought to be eliminated by strain in quantum well devices. However, as 
w ill be discussed in chapter 6, this might not be the case and I VBA may still be 
a significant loss mechanism in some strained 1.5/mi QW lasers.
At threshold, the round trip  gain, g p p — 1, giving,
r gth — r o w  4  (i — r ) ^  4  — yin( ), (2.4.4)
Zh li.\ iX'2
where gth is the threshold material gain.
The threshold carrier density for a simple bulk laser can then be approximated by: 
n-ih = 4  ntr , (2.4.5)
where A is the differential gain w ith respect to carrier density. This is not the case 
for quantum well devices which have a logarithmic dependence of gain w ith  carrier 
density due to gain saturation at higher carrier densities, as discussed in chapter 
6.
2.5 T h r e s h o l d  C u r r e n t
Injection of carriers into the laser is achieved by applying a voltage across the 
laser. The carriers recombine radiatively and non-radiatively to produce a current 
through the laser and an associated threshold current density J*/,,
J th  —  Jrcid 4  J  nr 4  Jstirn (2.5.1)
where J nr is the contribution to the current from non-radiative recombination, 
including recombination via defects, Auger and leakage losses. Jracf is the radiative 
current density, and is primarily caused by recombination via spontaneous emission 
and J 8t im is the contribution due to stimulated emission. The relative proportions 
of the total threshold current is heavily dependent on both the optoelectronic 
properties of the active region material and the engineered laser design.
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2 . 5 . 1  N o n - R a d i a t i v e  A u g e r  C u r r e n t
Non-radiative recombination mechanisms include recombination at defects, surface 
recombination, Auger recombination and current leakage effects. By far the most 
important contribution to the non-radiative current in long wavelength, 1.5/zm 
semiconductor lasers is Auger recombination, of which there are two possible mech­
anisms: band-to-band [20,21,22,23] and phonon-assisted [24] Auger recombination 
(trap-assisted Auger w ill not be considered because this is not seen as a significant 
loss in structures w ith good crystallinity and hence low defect density).
Band to  Band A uge r
A schematic of the band to band Auger recombination process is shown in Fig. 2.3. 
An electron (1) and a hole ( I 5) recombine across the band-gap, exciting a th ird 
carrier to higher energy, due to a Coulombic interaction between the carriers. There 
are two dominant processes involving excitation of an electron (2) to a higher-lying 
conduction state (2’) (CHCC) or ail electron (2) from the spin-split-off band into 
an empty heavy hole state (2’) (CHSH), as shown in Fig. 2.3 (the CHHL process 
w ill not be discussed since it is not considered to be a significant process in  devices 
operating at 1.5/mi wavelength).
The band-to-band process involves three carriers and has a rate that may be ap­
proximated (using Boltzmann statistics) [15] for the direct process by,
R a — C r n 3 e x p
•A E
h T  J
(2.5.2)
where C r is a complicated expression determined by the bandstructure and optical 
m atrix elements, n is the carrier density, k i  is Boltzmann’s constant, A E  is the 
activation energy for the process and T  is the temperature.
The relative strengths of these processes are heavily dependent on the temperature 
and band-gap of the semiconductor because the laws of energy and momentum 
must be conserved for the four particles (1,2,1 ’ ,2’). These processes can therefore 
give rise to a strongly temperature sensitive threshold current variation in  devices 
where this loss mechanism is present. The activation energy A E  dictates the 
temperature sensitivity of the process.
Assuming parabolic conduction, valence and spin-orbit bands, and Boltzmann
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Figure 2.3: The Auger recombination CHCC and CHSH processes.
statistics the minimum activation energy for the CHCC and CHSH process are 
given by:
A  E ( C H C C )  =
m F
rac + ra/,Eg 5 (2.5.3)
where m c and ra/, are the conduction band and valence band masses respectively, 
and E g  is the band-gap energy.
A  E ( C H S H )  =
m.
{ E g  -  E SO) , (2.5.4)(2m/, + m c — ms)
where ms is the mass of the spin-split-off band and E so is the spin-split off energy.
I t  can be observed from these equations that the activation energy is proportional 
to the band-gap, E g, and inversely proportional to the valence band effective mass, 
ra/,. Thus, it  was predicted by Adams[2] that a reduction in m/, due to the incor­
poration of compressive strain into a laser device would- reduce the Auger recom­
bination rate due to an increasing activation energy, A E .
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Recent work using time-resolved photoluminescence measurements postulated that 
band-to-band Auger recombination was the dominant loss mechanism in bulk 
1.5/xm laser devices[25]. This was originally expected to be the case for quantum 
well lasers, but experimental evidence indicates that phonon-assisted Auger may 
be the dominant loss process both in lattice-matched and strained QW structures 
[26,27].
P honon-A ssisted  A uge r
CHCCP CHSHP
Figure 2.4: The phonon assisted Auger recombination CHCCP and CHSHP pro­
cesses.
The phonon-assisted processes [24,28] are similar to those of Fig. 2.3 except that 
the final state (1’) is reached by interaction w ith a phonon from an intermediate 
state (1” ), as shown in Fig. 2.4.
The temperature dependence and band-gap difference of band-to-band Auger pro­
cesses arise from the conservation laws of energy and momentum. In  the phonon- 
assisted processes conservation of momentum is satisfied through phonon partici­
pation and significantly reduces the temperature and band-structure dependence 
of the process.
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2 . 6  E f f i c i e n c y
Light
Output
(m W )
Figure 2.5: A schematic diagram of a Light-Current L-I plot for a typical semicon­
ductor laser
Figure 2.5 shows a schematic of the light output from the facet of a laser as a 
function of the drive current through the laser, known as an L-I plot. Below 
threshold the current mainly consists of spontaneous recombination current and 
non-radiative recombination current. When I  >  I th stimulated emission starts 
to dominate. As can be seen, immediately above threshold the light increases 
dramatically in a linear fashion w ith current, for an ideal device. The slope of 
the linear region is the external quantum differential efficiency rj([ of the laser. T]  ^
is a measure of the efficiency w ith which current is converted into photons by 
stimulated emission, and is proportional to the ratio of the photon escape rate to 
the photon generation rate, given by,
rid
(  :k l n  1 1 \
\ j L l n <U if lJ i +  r a act ( i  — T )c tcia({J
(2 .6.1 )
where ??t- is the internal efficiency, which is the ratio of the radiative to the total 
recombination rates. Above threshold stimulated emission dominates and ideally, 
T]i =  1. So, the external efficiency is then simply related to the ratio of the optical 
loss through the facets to the total optical losses in the active region.
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S t r a i n e d - L a y e r  S t r u c t u r e s
3 . 1  I n t r o d u c t i o n
Devices containing strained layers need to be characterised, and it is necessary 
to measure the actual strain accommodated within the strained layers as well as 
their thicknesses. A variety of experimental techniques are available to measure 
the misfit strain accommodated w ithin the strained layers. These include indirect 
methods such as compositional assessment during growth, photoluminescence, re­
flection high-energy electron diffraction and Rutherford back-scattering, plus direct 
methods such as X-ray diffraction and Transmission Electron Microscopy (TEM ) 
techniques.
For several years, a characterisation technique has been under development which 
enables the rapid and direct measurement of the strain. This may be achieved by 
the investigation, using Transmission Electron Microscopy (TEM ), of 90°-wedge 
samples cleaved on perpendicular {110} planes [29]. This is known as the cleaved- 
wedge method (CW M). Close to the edge of a strained layer, bulging(in the case of 
a compressive strain) occurs due to elastic relaxation of the strained layer. I t  is this 
relaxation and the strain pattern associated w ith i t  that is imaged by the TEM. 
Results from a calculation of the displacements due to strain relaxation at the edge 
of the wedge are used in a diffraction contrast program to obtain theoretically 
simulated images[30,31]. The simulated images bear direct relationship to the 
experimental images and it is possible, by matching the images, to obtain the bulk 
strain value.
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The calculation of the strain relaxation in the region close to the strained layer 
at the edge of the wedge structure is an integral part of the CWM. Continuum 
stress/strain calulations are used almost exclusively for tills purpose. The finite 
element method[31] or the Fourier series method[32,33] are the favoured methods 
for performing these calculations. Each method has its advantages and disadvan­
tages but each is a means of evaluating strain distributions w ith in  the continuum 
approximation. The accuracy of continuum theories to predict the strain distribu­
tion and the associated atomic plane bending must be questioned for structures in 
which the strained layer thickness is of the order of a few monolayers.
In  this chapter the strain distributions at the edge of a single compressively-strained 
layer are calculated, using an a t o m is t i c  method, and compared directly w ith the 
continuum Fourier series method [34]. These calculations are performed to assess 
the accuracy of continuum methods at evaluating the strain distributions in layers 
where the structure is far from a continuum, in the growth direction, i.e. layers 
of thickness less than 10 monolayers («  30A). A finite number of atoms w ith in a 
2-Dimensional structure are specified in the atomistic method, and the results are 
compared w ith  the results from the Fourier series method for the same geometry.
In  the next section, the concept of lattice mismatch strain is introduced by dis­
cussing how strain is built into a semiconductor device during epitaxial growth. 
The lim its of the incorporation of advantageous elastic strain before the material 
plastically deforms w ith the onset of irreversible defects and dislocations is briefly 
discussed. In section 3.3, a description of tlie theoretical basis for the atomistic 
calculations of strain relaxation is presented, followed by the results and discus­
sion of the simulations in structures of various sizes. Section 3.4 then follows with 
summary and conclusions.
3 . 2  I n t r o d u c t i o n  t o  S t r a i n e d  L a y e r s
3 .2.1 G ro w th  a n d  C r i t ic a l  T h ic k n e s s
To introduce the concept of strain in semiconductor heterostructures, the growth 
of a th in epilayer of semiconductor w ith lattice constant a e on a thick substrate 
of lattice constant a s is considered. For a sufficiently th in epilayer, all of the 
strain w ill be incorporated elastically in the layer, as shown in  Fig. 3.1 for both 
compressively-strained and tensile-strained layers.
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Positively 
Mis-matched Layer
Substrate
Compressively 
Strained Layer
XOQ
Negatively 
Mis-matched Layer
t
Tensile 
Strained Layer
Substrate X(Y)
Figure 3.1: Schemtic diagram of the growth of compressively-strained and tensile- 
strained layers grown on thick substrates.
Thus, positively(negatively) mismatched layers give rise to compressive(tensile) 
elastic strain in the plane of the structure, perpendicular to the growth direction, 
and an associated tensile(compressive) strain in the growth direction. For the 
purposes of this thesis growth along the (001) direction is only considered.
As the thickness of the strained layer increases the energy stored in the struc­
ture also increases until a critical thickness[35] is reached at which point plastic 
relaxation occurs and defects and dislocations w ill become prevalent. This has 
a detrimental effect on the performance of optoelectronic devices; the defect and 
dislocation areas act as non radiative recombination centres degrading the devices 
efficiency and decreasing the intended in-built strain. Andersson[36] has demon­
strated that high quality growth of In1.Ga1_1.As on GaAs can be achieved so long 
as the product of the lattice-mismatch strain and the layer thickness is less than 
200A% approximately. The critical thickness lim it must always be borne in  mind 
when using strained layers in optoelectronic devices such as lasers.
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3 .2.2 S tra in  T h e o ry
Consider the case of a compressively-strained layer. The epilayer is under a biaxial 
stress such that its in-plane lattice constant <zj| equals the substrate lattice constant 
a s. The net strain in the layer plane, ey, is given by :
6\\ =  £Xx =  £yy =    -• (3.2.1)
CLe
In  response to the biaxial stress, the layer relaxes along the growth direction, the 
strain e± (=  ezz) being of opposite sign to ey and given by :
2 <7
e± ~  i  cr €U (3.2.2)
where a  is Poisson’s ratio. For tetrahedral semiconductors, a  is approximately I  so 
that €jl Cd — ey[37]. The total strain can be resolved into a purely axial component, 
ta x i  given by :
eax — -  €|j cd —2e|j , (3.2.3)
and a hydrostatic component evoi { = : ~ - ) ,  given by :
evoi =  exx +  eyy +  ezz cd ey. (3.2.4)
The resolution of the strain into components is important when modelling the 
effects of strain on the bandstructure of semiconductors and this w ill be dealt w ith 
in  more detail in chapter 4.
3 . 3  C a l c u l a t i o n s  o f  S t r a i n  R e l a x a t i o n
3 .3.1 T h e o ry  
A to m is tic  M od e l
The calculations are performed for a structure consisting of a 1% compressively- 
strained layer contained w ithin unstrained barriers, as illustrated in Fig. 3.2. I t  
is worth noting that in the following calculations and results the growth direction 
is taken to be the indirection. Atoms forming the strained layer and the barriers 
are assumed to in itia lly  occupy sites on a triangular lattice and to interact via 
a Keating potential[38]. The strained layer consists of atoms whose preferred
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lattice spacing . is 1% larger than that of the surrounding barrier material. 
A strained layer referred to as consisting of n  monolayers, actually has alternate 
rows containing n  and n +  1 type-B atoms, in the model, as shown in Fig. 3.2. 
Dimensions such as the half-tliickness of the strained layer, a, the fu ll thickness of 
the strained layer, t , the size of the simulation in the 2 -direction, and in the 
y-direction, c, are labelled in the figure.
Q - Q  - 0
Row 1
, ©  ©  < 
<t> o  ©  
©  ©
o - e - e
"A" a to m s
Strained layer 
“B" a to m s
Q  Q  Q  
) O  O  
O  O  O
) o  o
0 - 0 - O
"A" a to m s
Figure 3.2: Arrangement of atoms, prior to relaxation, in the atomistic simulation. 
The x-direction is the direction of growth.
The Keating potential[38] gives the elastic strain energy, PF,, for an atom at site i  
as,
Wi =  a ~ rl,ijY
j= l
(3.3.1)
w ith equal to the distance of atom j  from atom i .  r0iU refers to the separation 
of the atoms in their unstrained configuration, in other words, the preferred atomic 
spacing for the particular atom type. The summation includes the six first nearest 
neighbours of the atom i .  The force on atom i  is given by F { =  — VPF, and is easily 
evaluated from equation 3.3.1. For convenience, the bond force constant, a, is set 
equal to 1.
The in itia l configuration of atoms is illustrated in Fig. 3.2. Prior to the relaxation 
of the structure, the “ A ” and “ B” atoms are all separated by a distance of 1
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unit w ith the distance between horizontal rows of atoms therefore equal to \ / 3 / 2 .  
Keating potentials are employed so that r 0lJ for the A-A interaction is 1 unit and 
the ro,,j for the B-B and A-B interactions are 1.01 and 1.005 units respectively. 
In other words, prior to relaxation, the strained layer is in a state of compression 
w ith a misfit strain of 1%, equal to the fractional difference in the in itia l lattice 
spacing of the “ B” atoms compared to the unstrained value.
The bottom row of atoms, row 1 as indicated in Fig. 3.2, may not move in the y  
direction but can freely move in the x  direction. This means that row 1 represents 
the c e n t r a l  row of atoms ( y  =  0) for the structure as a whole and the first row of 
atoms for the simulation cell. The whole structure is then symmetric about row 1. 
The boundaries at x =  -LI and at y =  +c are free. Periodic boundary conditions 
are n o t  therefore employed in the a;-directioii. Periodic boundary conditions would 
produce a multiple strained layer structure. Such boundary conditions are more 
difficult to implement and comparison w ith the continuum calculations would have 
been more difficult to achieve.
Figure 3.3: Quantities relevant for the calculation of the strain components from 
these simulations. X  and h  refer to the positions p r i o r  to relaxation.
The forces on all atoms in the system are calculated and the atoms are moved in 
the direction of the force a distance proportional to the magnitude of the force. 
The forces are then recalculated and the procedure is repeated until all the forces 
are below a suitable threshold whereby the simulation is halted. The minimisation
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threshold was chosen such that the net forces on each atom were reduced by five 
orders of magnitude of the original unrelaxed forces. A study was carried out 
previous to this work[39] concentrating on the formation and minimisation of the 
atomic structure and w ill therefore not be described in detail here.
The strain relaxation components for each atom can then be calculated from the 
positions of the relaxed atoms by considering an atom i  surrounded by its six 
nearest neighbours. These are labelled from 1 to 6 in  Fig. 3.3. The components of 
the position vectors of each of these neighbours relative to atom i  can be expressed 
in  terms of the strain components ex x , eyy and extJ. The values of X n and h m , as 
illustrated in Fig. 3.3 and shown in  table 3.1, are the atomic distances for free 
standing layers, i.e. i f  the ” A ” and ” B” layers were completely relaxed. Therefore, 
X n and h m w ill differ depending on whether atom i  is w ithin the strained layer or 
in  the barrier region.
Nearest 
Neighbour No. j
position vector 
X iJ relative to atom i  (U j )
position vector 
Y lJ relative to atom i  ( V j )
1 —X 2( l  +  ea;a.) +  \ h 2exy h 2( 1 +  eyy) — \ X 2exy
2 A j( l  +  ea:a.) +  !  h i  exy h i ( l  +  eyy) +  lAjejcy
3 A h(l +  ex x ) 2 X ^ 6 xy
4 A i (1 T  eaa;) — l J i i 6 Xy —h \ ( l  +  eyy) +
5 — A 2( l  +  6XX) — |'/?.2ea:y — ^ 2(1 +  eyy) ~  \ X 2exy
6 —A j( l  T  ex x ) ~  2 X 4 6xy
Table 3.1: Position vectors of nearest neighbours to atom i .
The strain relaxation components are calculated by comparing the actual position 
vector of each nearest neighbour atom relative to atom i  as determined from the 
computer simulation w ith the expressions listed in table 3.1. The strain compo­
nents at positions P 1 and P 2 i 11 the centre of triangles H 2  and i54 respectively, 
as shown in Fig. 3.3, are calculated for each atom i .  For example, using the 
expressions for the position vectors of atoms 1 and 2 in triangle i l 2 , gives
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I12U 2 — h i  U 1 
h i X  2 +  h 2X i
(3.3.2)
e
-  -  i m m  -  *
s - j m m  ***
(2) o { ^ 2^2 -  /uUl \ /o o tr\
e-  =  2 (3'3'5)
/ e(l) 4 - e(2) \
(3.3.6)
where U \  and XJ2 are the 2-components of the position vector of atoms 1 and 2, 
respectively, measured from atom i, as obtained from the simlation. V  refers to 
the ^-component of the position vector. This process enables a set of strain values 
to be obtained for comparison w ith continuum results for the same system. As 
an example, the analysis below describes the formation of the expression used to 
calculate exx for the triangle il2 .
U i  — —X 2( l  -F ea:a,’) +  ~ h 2exy , U 2 — ATfyl -f e^.) -F ~ h i t xy . (3.3.7)
The above expressions can be combined as follows:
T -  ~  T T  =  ~ T < 1 +  e« )  ~  T i ( 1 +  e»-) (3-3-8)f i 2 h i  h 2 h i
This equation can then be rearranged to give the same result as equation 3.3.2.
The continuum calculations were performed by D r D.A. Faux at Surrey. A sum­
mary of the general theory used can be found in the literature[34,33], Much care 
was taken to ensure that the comparison between the continuum and atomistic 
calculations was consistent in terms of the geometry of the structures studied and 
the parameters input into both models. The appropriate Poisson’s ratio may be 
determined for this system by calculating the energy density function for the atom­
istic case and comparing this result w ith the standard expression for the continuum 
case. Starting from the expression for the elastic strain energy, given in  equation 
3.3.1, substituting in the values of r,y for each j  atom and regaining terms upto 
e2, it  may be shown that the energy density W  around a given site is :
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W  =  9 (4* +  eyy) +  9exxeyy +  3e2xtJ (3.3.9)
This compares to the plane stress solution for the continuum calculations[40] :
W  =  2(1 -  i/2)^** +  evy +  2v€**ewl +  4(1“ ) ^  (3.3.10)
where E  is Young’s Modulus, and v  is Poisson’s ratio.
Comparison of equations 3.3.9 and 3.3.10 yields v  — 1/3, which is the value em­
ployed in the continuum calculations. The value of E  may also be determined by 
comparing equations 3.3.9 and 3.3.10 and is found to equal 16. Its value is arbi­
trary because the bond force constant, a  in equation 3.3.1 has, for convenience, 
been set equal to unity.
3 .3.2 R e s u lts  a n d  D is c u s s io n
Two sets of atomistic calculations and two equivalent sets of continuum calculations 
are described w ith exx, etjy and exy determined in each case. A summary of the 
parameters used in the Atomistic calculations are presented in table 3.2. Strained 
layer thicknesses (No. of monolayers of ” B” in table 3.2) of 5 and 10 monolayers 
were examined. The letters A and C w ill be used to refer to the atomistic and 
continuum results respectively, followed by a number indicating the number of 
monolayers in  the strained layer.
Atomistic calculations were performed for a larger lattice consisting of a strained 
layer 20 monolayers thick w ith a total of 4800 atoms in the whole structure. Un­
fortunately, the minimisation procedure employed produces small cooperative os­
cillations which did not decay w ithin the time lim its of the computation. Indeed, 
i t  was not possible to achieve the fu lly relaxed configuration w ith a system of this 
size using the present method and represents our practical lim it for a successful 
atomistic simulation.
Results of the calculated strain relaxation distributions are presented as a series of 
colour-graded plots in figures 3.4-3.9. To provide better comparison between the 
calculations, the atomistic strain distributions are interpolated, to give the colour 
contour plot. The strain relaxation is simply the difference between the actual 
strain and the in itia l bulk strain values. For example, a calculated strain might
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Label for No. of monolayers No. of monolayers No. of monolayers
Atomistic Results of ” B” in x direction in y direction
A5 5/6 30 15
A10 10/11 60 30
Table 3.2: Sizes of lattices employed in atomistic calculations
give a value of 0.3% at one point in the strained layer, which would indicate a strain 
relaxation of 0.7% (0.007 in the figures), for an in itia lly  1% compressively-strained 
layer. A strain relaxation value of 0.000 indicates that at that point the layer is 
fu lly  strained.
Figures 3.4 and 3.5 show the strain relaxation, eyy, for both layer thicknesses. The 
agreement is very good over the whole illustrated area. The continuum calculations 
give a maximum strain relaxation of 0.0086 (0.86%) while the atomistic calculations 
yield 0.0087 (0.87%) and 0.0086 (0.86%) for A10 and A5 respectively. In both cases, 
the same trends are observed. The relaxation in the strained layer increases as the 
edge of the structure is approached, as expected. However, it  can also be seen that 
very close to the edge the relaxation is reduced. The stretching of the layer in the 
rc-direction at the very edge of the structure causes a contraction of the material 
in  the ^-direction and hence a lowering of eyy in this region.
Figures 3.4 and 3.5 also show that the strain relaxation in the ^-direction at the 
centre of the strained layer (i.e. at the bottom of the displayed region in figures 3.4 
and 3.5) is about 0.4%. Strain relaxation is possible at the centre of the strained 
layer because the structure size in the y-direction, 2c, is similar in magnitude to 
the layer thickness. For c a, of course, there would be no relaxation of the strain 
at the centre of the structure and the true strain would remain 1%. Note also that, 
in agreement w ith St. Venant’s principle[40], the strain relaxation occurs primarily 
over, approximately, the same distance from the free surface as the thickness of 
the layer.
Figures 3.6 and 3.7 show the strain relaxation in the ^-direction. The agreement 
is again good. The largest discrepancies occur close to the edge of the structure 
where the continuum calculations predict a larger strain over a greater depth. The 
distribution of exx is somewhat more complicated than eyy. The strained layer is
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Figure 3.4: The strain relaxation component eyy is presented for a strained layer 
consisting of 5 monolayers as determined by the continuum method (left half of 
image) and by the atomistic method (right half of image).
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Figure 3.5: The strain relaxation component eyy is presented for a strained layer
consisting of 10 monolayers as determined by the continuum method (left half of
image) and by the atomistic method (right half of image).
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Figure 3.6: The strain relaxation component exx is presented for a strained layer 
consisting of 5 monolayers as determined by the continuum method (left half of 
image) and by the atomistic method (right half of image).
Figure 3.7: The strain relaxation component exx is presented for a strained layer
consisting of 10 monolayers as determined by the continuum method (left half of
image) and by the atomistic method (right half of image).
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Figure 3.8: The strain relaxation component le^l is presented for a strained layer 
consisting of 5 monolayers as determined by the continuum method (left half of 
image) and by the atomistic method (right half of image).
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Figure 3.9: The strain relaxation component |exy| is presented for a strained layer
consisting of 10 monolayers as determined by the continuum method (left half of
image) and by the atomistic method (right half of image).
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in itia lly  formed by assuming that all 4B ’ atoms occupy sites w ith  1% smaller atomic 
bond-length than preferred. Thus, i f  a purely bulk structure was considered, i.e. 
ignoring edge effects, and the structure minimised the layer would expand in the 
growth 2-direction according to Poisson’s ratio. The layer in  the 2-direction has 
a larger lattice constant than preferred and becomes approximately 0.3% tensile- 
strained (for v  ra |) .
Now, when edge effects are considered the layer relaxes in  the ?/-direct ion by 
bulging. Associated w ith  this are two main effects in the 2 -direction. In the 
centre of the structure the layer is allowed to relax (shown by the dark blue re­
gions in Figs. 3.6 and 3.7) showing strain relaxation of -0.0026 (-0.26%) for A10 
and -0.0029 (-0.29%) for A5 compared to the continuum value of -0.0024 (-0.24%). 
A t the top surface, however, the layer becomes more tensile-strained upto -0.5%. 
In  between these two regions is a narrow band of unrelaxed material. I t  can be 
seen that the strain distribution extends far into the barrier regions. I t  is worth 
noting that this complicated strain distribution may have important consequences 
for some strained layer optoelectronic devices.
Figures 3.8 and 3.9 show the magnitude of the shear strain relaxation component 
| | . The atomistic and continuum calculations agree well overall. The largest 
discrepancies occur at the layer/barrier interface close to the edge of the structure 
where the shear strain is at its maximum. The maximum value of |exy| for A10 
and A5 is 0.0068 and 0.0055 respectively, compared to the continuum value of 
0.0080. I t  is expected that this would be the most sensitive evaluation of the 
difference between the atomistic and continuum calculations and indeed the very 
sharp peak in the continuum calculations at the maximum shear is not evident in 
the atomistic calculations. However, it  is encouraging to note that the agreement 
gets better in  going from the A5 to the A10 structure. This result indicates that 
the area where the continuum approach is less physical, for small layer thickness’ , 
is where the shear strain is changing rapidly; although the overall shape of the 
strain distribution is still in good agreement.
Another sensitive test of the continuum method is to evaluate the displacements of 
the top layer of atoms and compare the results to the displacements obtained di­
rectly from the atomistic simulation. This constitutes a particularly important test 
because some strained layer characterisation techniques depend upon the accurate 
determination of displacements deduced from continuum strain calculations. Fig.
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Figure 3.10: The displacement of the top layer of atoms in the y  direction (mea­
sured relative to their position prior to relaxation) as a function of x  are presented 
as determined from the atomistic simulation for the structure containing a strained 
layer of 5 monolayers (O ) and 10 monolayers (□ ) .  The results from the continuum 
calculation are indicated by solid curves.
3.10 shows the displacements of the atoms in the y  direction, measured relative to 
their positions prior to relaxation, for the atomistic calculation (symbols) and the 
continuum calculation(solid lines).
The agreement is very good for both the 5 and 10 monolayer systems. I t  would 
appear that the continuum calculation provide accurate estimates of the displace­
ments even for strained layers containing only 5 monolayers, implying that accurate 
estimates of strain distributions in real structures w ith widths of the order of tens 
o f  A  is possible using continuum techniques.
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3 . 4  S u m m a r y  a n d  C o n c l u s i o n s
The concept of strained layers was introduced in this chapter. An atomistic method 
for calculating the strain relaxation due to a single strained layer in two dimen­
sions was presented. Comparison was made w ith the results from Fourier series 
continuum calculations. The results demonstrate that the continuum method of 
calculating strain distributions provides accurate values for the displacement even 
for strained layers consisting of only 5 monolayers. The overall agreement between 
the atomistic and continuum methods is least good in regions where the value of 
the particular strain component is changing rapidly. For exx and eyy this occurs at 
the edge of the structure w ithin the strained layer for a distance into the layer of 
approximately t / Q , where t  is the layer thickness. For |ea-y|, the largest disagree­
ment in  the reiilts occurs in the maximum of the shear strain w ith a 5 monolayer 
strained layer, which gets better as the layer thickness is increased. I t  is also 
noted that the simple atomistic model used here has limitations i f  the energy of a 
large system is to be minimised. This would not therefore be a practical method 
of evaluating strain distribution in large (including three-dimensional) structures. 
The continuum method has the advantage of consuming less computer time, is not 
lim ited by the size of the structure and the results indicate that this method is 
relevant for thin strained layer thicknesses.
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4 . 1  I n t r o d u c t i o n
The study of the threshold current and efficiency of quantum well lasers is complex 
and the quantum well analysis generally used, can obscure some of the fundamental 
physical effects that are present in these lasers. In this chapter, in order to attempt 
to reveal some of these effects, a systematic investigation of the behaviour of bulk­
like GalnAsP/InP lasers emitting at 1.55/mi, as a function of lattice mismatch 
strain is carried out. A purely theoretical bulk analysis greatly simplifies the study 
of laser properties, eliminating some of the complexities of a quantum well analysis 
such as changing well-width, composition and band-offsets. Results are presented 
for lattice-matched structures, layers under biaxial tension, whose relaxed lattice 
constant would be smaller than that of I11P, and layers under biaxial compression, 
where the relaxed lattice constant is larger than that of InP.
The incorporation of strain into the active region of a bulk semiconductor laser 
changes the cubic crystal symmetry producing a tetragonal distortion of the crystal 
lattice. This reduction of the symmetry of the crystal splits the degeneracy at the 
valence band maximum, modifying the shape and character o f the upper valence 
band states. The performance of semiconductor lasers are strongly dependent on 
the character and dispersion of these valence bands.
In  this chapter, a study of the bulk valence band structure w ith  strain is first carried 
out. The laser gain properties are then considered and the threshold carrier and
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current densities calculated as a function of botli tensile and compressive strain. 
The effect of the spin-orbit interaction on the polarised gain and character of the 
valence states as a function of bu ilt-in  strain is studied. I t  is shown how the differing 
character of the valence states can significantly alter the strength of the polarised 
stimulated and spontaneous emission. The spin-split-off band is included in our 
calculations and it  is shown that the strain-induced interaction w ith  this band 
has a significant influence on laser characteristics, particularly in tensile-strained 
structures.
The next section begins by reviewing the electronic structure of semiconductor 
lasers and the derivation of the equations used in the calculations of the gain and 
spontaneous emission. The form of the k .p  Luttinger-Kohn 6x 6 Hamiltonian which 
is used in our calculations is presented, including the influence of axial strain on 
the Hamiltonian. The band structure and gain results are presented in section 4.3. 
Finally the results are summarised in section 4.4.
4 . 2  T h e o r e t i c a l  M o d e l
4 .2.1 k .p  B a n d  S t ru c tu re  w i t h  S tra in
The characteristics of semiconductor lasers are largely determined by the valence 
band structure. Previous laser gain calculations [41] have mostly used the 4x4 
Luttinger-Kohn (L-K) k .p  Hamiltonian in a spin - |  basis[42] which includes the 
heavy-hole and light-hole states at the valence band maximum as basis states. This 
Hamiltonian is usually sufficient for gain calculations in unstrained laser structures, 
where only the highest valence states are populated by holes. Calculations on 
strained lasers however require a 6x 6 Hamiltonian which includes the spin-split-off 
band, because the strain-induced mixing between the light-hole and split-off band 
modifies the character and dispersion of states at the valence band maximum[43, 
14], particularly for layers under biaxial tension. This can have profound effects 
on the predicted laser performance, particularly under tensile strain.
The valence states at the zone centre can be described using j  and I  spin functions 
and spatial functions X , Y  and Z  which have the same symmetry as atomic p  states 
under the operation of the tetrahedral group [44]. The 6x 6 L-K  Hamiltonian[42], 
in  an ( X f Y , Z )  basis is used in our calculations. For a tetrahedral semiconductor,
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strained along the (001) direction (neglecting linear k-terms), the Hamiltonian is 
given by :
X  t /  a  -f- a  — b c — i A e 0 0 A  \
Y  t c +  iA a  -J- a  +  b d 0 0 - i A
£  | e d a — 2 a - A i A 0
A  I 0 0 - A a -f a — 6 c  +  i  A e
Y  i 0 0 —i A c — i A a  +  a +  b d
Z i I A i A 0 e d a  — 2 a  J
(4.2.1)
where
a =  - i p x ( k l  +  6* +  fcj) -  A  
=
b =  
c =  
d  =
I t2 /*v-a? y
S ' j ^ k y k -
—3'Yzkxkz  
E sr>
(4.2.2)
(4.2.3)
(4.2.4)
(4.2.5)
(4.2.6)
(4.2.7)
(4.2.8)
(4.2.9)
where fca., &y and Aq are the wavevectors in the x , y and 2-directions respectively;
72 and 73 are the Luttinger parameters[42]; E so equal to the spin-orbit splitting 
for zero strain and S  is the axial strain energy described in section 4.2.2.
This gives the same band dispersion as the more usual 6x 6 Hamiltonian [45] but is 
better suited to laser gain calculations because the x , y  and 2 character of each state 
directly reflects the polarisation of photons associated with transitions to /from  the 
given state. TM  gain in an (001) grown laser structure is, for example, associated 
w ith  recombination between electrons in s-like conduction states and holes in  2-like 
valence states.
The Hamiltonian of equation 4.2.1 is further simplified by introducing the axial 
approximation[46], which retains the exact dispersion along the z-direction (when 
k x =  k y =  0) but modifies the Hamiltonian so that it  is axially symmetric in  the 
x y  plane, about the 2-axis. This is achieved by replacing 7 2  and 7 3  by 7  in b and 
c, the terms involving (fcj — An2) and k x k y , where
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7 = (|(72 + 7t))b (4.2.10)
Setting k  =  ( k t c o s ( f ) )  , k ts in ( ( j ) )  , k z ) , tlie eigenvalues for a given k t and k z are 
then independent of <j>. The 6x 6 Hamiltonian of equation 4.2.1 can be split into two 
independent 3x3 matrices, in the axial approximation by setting k y — 0 , k x =  k t 
and choosing new basis states given by
I X  a >  =  ^ ( I X T >  + i | X i > )
I V a> = ^ (|FT> -  i\Y|>)
I Z  a >  =  ^ ( | Z t >  + i | Z l > )
\ X  P > =  7 5  ( |X  T> - i | X | »
| Y  0 >  =  7 j  (|K  f>  +  i \ Y  i> )
I z  /8 > =  7 | ( I z T> - i \ Z l > )
The 3x3 matrix for the a  states then takes the form
(  ol -f- A  — B  
i A
\  C  -  i A
- i A  C  +  i A \  
a + A + B  A  
A  a - 2 A  J
(4.2.11)
where
A  =  -  §*?) +  5
b  =  |t fe?
C  — S g s k t k z
a  ~  - | 7 i ^ 2 “  A 
h 2 =  k 2 +  k 2z
4 .2.2 S tra in  S p l i t t in g  E n e rg y
In  this chapter, the effects of axial strain due to the growth of lattice-mismatched 
epilayers are primarily studied. Tlie bu ilt-in  strain breaks the cubic symmetry 
of the semiconductor lattice, introducing a tetragonal distortion which splits the 
degeneracy of the light and heavy hole states at the valence band maximum. For 
small axial strain, the heavy and light-hole states are each shifted by an energy S  
w ith respect to the mean valence band edge energy. Where S  corresponds to the 
strain term in tlie Hamiltonian described in the previous section.
Thus the magnitude of S , the strain splitting energy, is dependent on the axial 
strain,
S  =  - b e ax (4.2.12)
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G ao , 4 2 . 5 s-d. >s 0 . 9 Fo . 1
Parameters Value
Band Gap E g (meV)
Spin-Split-Off Energy E sso (meV) 
Cond. Band Effective Mass Ratio m *  
Axial Deformation Potential b (eV) 
M atrix Element \ M 0\2/ m 0 (eV)[49] 
Lattice Const. a(A)
800
320
0.045
-1.8
12.42
5.8688
Luttinger Parameters
71
72
73
9.78
3.58
4.35
Table 4.1: Gao.42J^o.ssAso.o-Fb.i material parameters used in the calculations
where b is the axial deformation potential[48], and eax is the axial strain component 
discussed in  chapter 3. A positive value of S  corresponds to biaxial compressive 
strain which lifts  the heavy-hole ( ± | )  above the liglit-hole ( ± | )  states; whereas the 
splitting is reversed for tensile strain. Axial strain also couples the light-hole and 
spin-split-off bands, modifying the character of the liglit-hole band as discussed 
further in section 4.3.
The conduction band dispersion is simply taken to vary as [47] :
E c ( k )    E g  +
%2k 2 P 2m.c +2m, p 2 m 2
1
\  2
d~ 1 -  1 (4 .2 .1 3 )
where P 2 — Ti2M 2/m . 2 and M 2 is tlie momentum m atrix element described in sec­
tion 4.2.4. The effect of the hydrostatic component of the strain on the conduction 
band is ignored for simplicity, and the band gap is kept fixed at 1.55/xm.
4 .2.3 M a te r ia l  C o n s ta n ts
The important material parameters used in the calculations are given in table 4.1, 
for Gao.42Iuo.5sAso.9P0.1 lattice matched on InP emitting at around 1.55/xm. The 
main parameters used in the calculations are taken from references [48,49,50]. I t  
should be noted that the material parameters used in the calculations were not 
adjusted as a function of strain.
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4 .2.4 T ra n s it io n  M a t r ix  E le m e n ts  a n d  L a se r G a in
The important optical transitions in a laser are associated w ith electrons in  the 
5-like conduction band recombining directly w ith holes in the predominantly p-like 
valence band. The photon emitted in this process can have polarisation compo­
nents along the x, y  or 2 axes of the laser. Of course, spontaneously emitted 
photons may have polarisations along other directions, but for the purpose of this 
study only the three orthogonal x, y  and 2 polarisations are considered.
Z(TM)
[001]
Y (TE)
[010]
X(SP)
[010]
Laser Emission
Figure 4.1: Laser structure (not to scale) showing coordinate geometry used in 
this chapter.
The axis of symmetry for the Hamiltonian is chosen to lie along the growth 2- 
direction, w ith x  along the axis of the laser cavity as shown in Fig. 4.1. Thus TM  
emission involves photons polarised along the 2 direction and is due to recombi­
nation w ith  2-like valence states, while TE emission is due to recombination w ith  
Y/-like valence states.
The linear gain in a semiconductor laser structure can be defined from Fermi’s 
Golden Rule and is given by[51,52] :
g ( M  =  ( L - )  |M,fprerf(-Bc. -  E g) ( f c -  / „ )  , (4.2.14)
\ /iCU J C 77/r
where u  is the photon frequency, nf. is the refractive index, eQ is the perm ittiv ity  
of free space, e is the electronic charge, m,, the electron rest mass, c is the speed 
of light in-vacuo and t i  is Plancks constant divided by 27T. |M 2| is the transition 
m atrix element, described later, where i  — z  for TM  gain, and i  =  y  for TE 
gain. The Fermi distribution functions are given by f c and for the conduction 
and valence bands respectively, and p ( E cv — E g) is the reduced density of states
38
C h a p te r  4 Im p ro ved  P erform an ce o f  S tra in ed  B id k -L ik e  Lcisers
assuming strict k-selection at an energy ( E cu — E g) above the band-gap energy 
E g . Equal injection of holes and electrons is assumed for charge neutrality when 
evaluating the quasi Fermi levels for electrons and holes.
An intra- band relaxation time, r,-„, of O.lps modelled by a Lorentzian broadening 
of the gain spectrum is assumed, given by [19] :
i ‘ (£ “ ) =  WeZ- M s'+  ' (4-2'15)
The convolution of the gain spectrum of equation 4.2.14 w ith  the Lorentzian of 
equation 4.2.15 is straight forward for isotropic, parabolic bands. However, as 
an anisotropic, nonparabolic band structure is being considered, it  is far more 
convenient to integrate the gain over k-space. Thus, the reduced density of states 
in equation 4.2.14 can be substituted by the density of states in k-space, using 
polar coordinates (k ,6 ,( f> ) and including a factor of 2 for spin degeneracy :
/ r 2«r r<x> pit 1p red( E c g - E g) d E cv = J o d<l>Ja d k j o d8  2 . j — . k 2. s i n 0 .  (4.2.16)
As the axial approximation is used, the integral over <j> can be replaced by a 
constant factor 2?r and the linear gain at a constant photon energy is then given 
by :
S( M  =  ( E ) c g j f “  d k  £  d d l P s i n e i M i i k . e t f i f c -  / „ )£ « (£ „) ]  ,(4.2.17) 
where,
E cv =  E cb{ k )  -  E vb{ k , $ )  , (4.2.18)
and
C g =  - - - -- -  . 2 . ^ . 2 *  . (4.2.19)
eQ c m 2 n r (2 i r )3
The Hamiltonian of equation 4.2.11 can be used to calculate the x, y  and 2-like 
character of the three doubly degenerate states >  at any given point in the
k x — k z plane, ( k s i n ( d ) ,  0 , k c o s ( 0 ) )  w ith the a  state being given by :
14  >  =  4 \ X  >  +  4 | Y  >  +  4 1 Z  > , (4-2.20)
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where |o:^|2-}-|o:y|2 + |o : |^2 =  1. It is assumed in our calculations that the conduction 
band is purely s-like and the valence band p-like over all k-space. The TM  m atrix 
element between the state \ip lQ. > and an s-like conduction state is then given by
\ M Z\2 =  |od(&, 6 ) \2 \ M 0\2 , (4.2.21)
where \ M 0\2 is referred to as the momentum matrix element and w ill depend on the 
material being considered. The active region material G a x I n \ - . x A s yP i _ y (y=2.2x) 
emitting at around 1 .55/xm wavelength is used grown on an InP substrate. The 
expression for |M0|2, given by Nicholas et al.[49], is used where,
|M 0|2 =  (20-7  +  ± & y )m .o   ^w ith y= 0_9i (4 .2 .22)
For a given set of k and 6 , states at all values of cj) have equal z-like character in the 
axial approximation and therefore contribute equally to the TM  gain. Equation 
4.2.17 can therefore be used to calculate the TM  gain by replacing |M,(&,<9) |2 
by |M j|2. W ith  |M . | 2 determined, for each doubly degenerate set of bands, by 
equations 4.2.21 and 4.2.22.
The TE character varies w ith (f> for a given pair of k  and 9  values. However, it  can
be shown that M x — M 2 when we average over cf> in the axial approximation and
that
|M , | 2 +  |M „ |2 +  |M - |2 =  |M „|2 . (4.2.23)
Combining these,
|M t e |2 =  \ M y \2 =  | ( 1 - K ( M ) | 2) |M >|2 , (4.2.24)
the above equation is then used to calculate the TE gain from equation 4.2.17.
4 .2.5 R a d ia t iv e  C u r re n t  D e n s ity
The radiative current density is calculated from the total spontaneous emission 
rate[51,52] described by :
R . P =  A M  k - \ M av\2p,. 'd (E c „  -  E g )Popt( h u ) f c( l  -  / „ )  , (4.2.25)\ i Z»C0 J 6^  C T2>|»
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where p opt(Tiu>) is the optical mode density given by :
1
, (4-2.26)
and |Mau|2 is the transition matrix element averaged over all polarisation directions, 
and equals | |M 0|2.
The spontaneous emission rate is then convolved w ith the Lorentzian and inte­
grated over k-space in  the same manner as for the linear optical gain, to give an 
expression for the total spontaneous emission at a specific photon energy. Thus 
the spontaneous emission rate can be written as :
R . p( h u )  =  ( d - )  C r J f  d k  £  d S [k 2s-  , (4.2.27)
where,
c - -  ' (A2'28>
The total radiative current density is then given by
Jrad =  e J R s p ( h u )  d (h o j )  . (4.2.29)
4 . 3  D i s c u s s i o n  a n d  R e s u l t s
4 .3.1 T h e  D is p e rs io n  and  C h a ra c te r  o f  V a le n c e  B a n d s
The influence of the spin-split-off band on the dispersion and character of the upper 
valence bands is first considered. Fig. 4.2 shows the calculated energy-wavevector 
(E-k) dispersion relations for unstrained GaQA2I n 0^ 8A s o ^ P o A, calculated using the 
L-K  2x2 Hamiltonian (dashed lines), wlncli effectively assumes an infinite spin-orbit 
splitting, and also the 3x3 Hamiltonian with spin-orbit splitting of 320meV (solid 
lines). The axial approximation is used in both cases. The dispersion relations 
are plotted to 20% of the Brillouin zone and along two directions in  k-space: the
(0 0 1), growth, direction [0= 0° in the axial approximation] and in the plane of the 
laser structure [(9=90° in  the axial approximation]. The spin-orbit interaction has 
litt le  effect on the (dh|) heavy-liole band or the ( ± | )  light-hole band near the
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zone centre. As laser characteristics are determined primarily by the behaviour of 
carriers near the band edges, the 2x2 Hamiltonian (LK  2x2) is therefore sufficient 
for calculations on lattice-matched structures. I t  has been widely used for gain 
calculations on both strained and unstrained lasers[12,41,53,54,55], although its 
applicability decreases w ith increasing strain.
Figure 4.2: Valence bandstructure for unstrained GalnAsP plotted to 20% of the 
Brillouin zone, in the axial approximation, using the L-K 2x2 (dashed line) and 
L-K  3x3 (solid line) Hamiltonians. #=0° is along the (001) direction, while 0=90° 
shows the dispersion perpendicular to the axial strain direction.
Figure 4.3: Valence bandstructure using L-K  3x3 Hamiltonaian for (a) compressive 
strain and (b) tensile strain; w ith S=±50meV respectively. The curves are plotted 
along the same directions as Fig. 4.2.
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The valence band structure along the same two directions is shown in Fig. 4.3 
for layers under biaxial compression and tension. An axial strain energy S  of 
=L50meV is assumed, for compressive and tensile strain respectively, corresponding 
to a lattice mismatch strain of 1.4%. The solid lines show the bands for a spin- 
orbit splitting of 320meV, while the dotted lines are again for infinite spin-orbit 
splitting.
The dispersion relation in the case of infinite spin-orbit splitting can be determined 
analytically, in the axial approximation as :
E ( k z , k t ) =  — j 7 i &2
±  J S  +  i 72(2 kl-  fc? ) )2 +  37f  + 1?2*? (4-3.1)
The strain-induced splitting causes the bands to become strongly anisotropic, re­
ducing the density of states at the valence band maximum in both the tensile and 
compressive cases. Under compressive strain the upper band is formed from the 
± |  states, which has a large effective mass along the (0 0 1) growth direction (0= 0°) 
and a comparatively light mass , near the zone centre, in the plane of the laser 
struct ure( 0=90°).
Under tensile strain, the state is pushed up in energy and lias the light-hole 
mass along the (0 0 1) direction, w ith a comparatively heavy mass, near the zone 
centre, in the plane of the laser structure. In both cases, the net effect is that the 
density of states is approximately halved at the valence band edge. This reduction 
in  the density of states w ith compressive and tensile strain improves the laser 
characteristics by reducing the carrier density to achieve population inversion, and 
thus reaching transparency. However, the greatest contribution to the improved 
characteristics in strained bulk-like lasers arises from the variation of the character 
of the valence states w ith applied axial strain.
For a splitting energy 5, the energies of the valence states at the zone centre (T- 
point) can be calculated by setting k s =  k t. =  0 in equation 4.2.11, these are then 
plotted as a function of the strain in Fig. 4.4
In  an unstrained bulk semiconductor, the states at the valence band maximum have 
almost pure p-like symmetry[44]. The valence bands have equal contributions from 
x , y  and 2-like states, so that spontaneous emission has equal components polarised 
along the three principal axes. Hence, when carriers are injected into such a laser, 
equal proportions can contribute to TE  gain (corresponding to emission from y-
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Figure 4.4: Variation of valence band T-point energies as a function of axial strain 
energy S (and lattice mismatch), for an assumed zero-strain spin-orbit splitting of 
320meV.
like states), TM  gain (from z-like states) and to unwanted spontaneous emission 
(a:-like) polarised along the direction of the laser cavity. Thus only one in three 
carriers contribute directly to overcoming the relevant losses in the laser. This is 
shown schematically in Fig. 4.5(a) where the DOS is represented as a step function 
for simplicity.
In  compressive strain, Fig. 4.4 shows the heavy-hole ± |  state shifts linearly up­
wards in energy w ith increasing strain. As this state has no 2-character and equal 
a; and //-character, as shown in Fig. 4.5(b), TE gain w ill be enhanced and TM  gain 
suppressed. Approximately one in two carriers near the band edge w ill contribute 
directly to overcoming the relevant losses, so that the threshold current density 
should decrease and the TE differential gain should increase w ith  increasing biaxial 
compression.
In  tensile strain, the light-hole state shifts upwards in energy. This state has
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Figure 4.5: Variation of valence band T-point DOS for (a) unstrained, (b) com­
pressive and (c) tensile-strained cases.
approximately two-tliirds 2-like character for small S ,  as shown in Fig. 4.5(c), and 
thus TM  gain is enhanced. In fact, the situation in tensile strain is even better 
than compressive strain. Compressive strain gives a 50% proportion of productive 
TE emission whereas under tensile strain tliis is further improved to 67% for TM  
gain w ith suppression of both other orthogonal emissions (x and y  like).
Thus, it  can be can seen that by using strain the polarisation dependence of the 
band structure can be tuned. The symmetry of the carrier distribution (i.e. the 
number of orthogonal p-like states in the upper valence band maximum) can be 
changed from the 3D, in the unstrained case, to the 2D, w ith compression, ap­
proaching the ideal ID  system w ith tensile strain.
In the case of tensile strain, the situation is further improved when the influence 
of the spin-split-off band is included. This band interacts w ith the light-hole band, 
further increasing tlie two-thirds fractional 2-character of the light-hole band with 
increasing tensile strain. I t  can be shown by calculating the eigenvectors of equa­
tion 4 .2.11 that the fractional 2-like character, f2, of the light-hole band varies 
w ith splitting energy S  as :
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Figure 4.6: Variation of fractional 2-like character f z of light-hole ( i | )  valence 
states as a function of mismatch strain for layers under biaxial tension.
I t  is noted, that as f~ depends on the ratio of the strain-splitting energy S  to the 
spin-orbit splitting energy Eso =  3A, this enhancement of 2-like character w ith 
strain w ill be even more pronounced in phosphide-based tensile-strained lasers, 
such as tensile Gai_aJna;P on GaAs structures which are presently demonstrating 
significant improvements for short-wavelength (visible) semiconductor lasers[56, 
57]. The spin-orbit splitting, Eso, is 80meV and llOmeV in GaP and InP respec­
tively, compared to 340meV and 380meV in GaAs emd InAs. Hence, an even more 
rapid enhancement of TM  gain w ith strain is predicted in  these structures than in 
the long-wavelength lasers considered here. Fig. 4.6 shows the calculated variation 
of 2-like character in  tensile-strained GalnAsP/InP (solid line Eso=320meV) and
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GalnP/GaAs (dashed line Eso=100meV). I t  can be seen that f 2 increases rapidly 
w ith increasing tension, reaching 79% for GalnAsP and 91% for GalnP at 1% 
strain.
Having established how the valence band dispersion and character vary w ith  axial 
strain, its influence on laser gain characteristics is now considered in the following 
section.
4 .3.2 L a se r G a in  a n d  S p o n ta n e o u s  E m is s io n
To quantify the effects of axial strain, the laser gain is first considered. Fig. 4.7(a) 
shows the variation of peak gain w ith carrier density and Fig. 4.7(b) the variation 
w ith  radiative current density for bulk-like strained and unstrained layers. An 
optical gap of 800meV and a spin-orbit splitting Eso of 320meV is assumed in each 
case, and the strain splitting energy, S=±50meV for the compressive and tensile 
cases respectively. This is equivalent to about a 1.4% lattice-mismatch between 
the strained layers and the substrate, for which it  should be possible to achieve 
layers to about 140A wide in high quality pseudomorphic growth[36].
The gain shows a similar variation with carrier and radiative current density. The 
TE and TM  gain are equal in the unstrained layer (long dashed line). When the 
layer is under biaxial compression, w ith S—50meV, the ± |  states at the valence 
band maximum contribute equally to emission polarised along the x  and y  direc­
tions. The TE gain (dotted line) is then enhanced compared to the unstrained 
case, as one out of every two carriers near the band maximum contribute to TE 
gain, compared to one in three in the unstrained case. By contrast, the TM  gain
(o) is strongly suppressed.
For the layers under biaxial tension, w ith S—-50meV, the ± |  states at the valence 
band edge are predominantly 2-like and from equation 4,3.2, 83% of the carriers 
there contribute to TM  gain, w ith the remainder contributing equally to emissions 
polarised along the x  and y  directions. The TM  gain (solid line) is then almost 
five times larger than that in the unstrained case at the same carrier and current 
density, while the TE gain (□ )  is strongly suppressed; I t  should be noted that 
because the density of states is approximately halved for bulk-like layers under 
biaxial compression and tension, similar transparency densities are found in the 
two cases. The transparency density under biaxial compression is slightly higher
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Figure 4.7: Peak Gain as a function of (a) carrier density and (b) radiative cur­
rent density in strained and unstrained laser structures. The active layer thickness 
is 200A and the band-structure is assumed to be bulk-like. The axial strain en­
ergy S is ±50meV for layers under biaxial compression and tension respectively, 
corresponding to a lattice mismatch of approximately 1.4%.
than that under biaxial tension for a given value of the strain energy S .  This 
is because the magnitude of the splitting between the states is greater in tenson 
due to the influence of the spin-orbit interaction, as shown in Fig. 4.4, so that 
fewer carriers are found in the second band. This effect is not observed i f  the 
spin-split-off band is omitted from the calculations[12].
The differential gain, dg/dn, given by the slope of the curves in Fig. 4.7(a), is 
significantly enhanced w ith axial strain in the bulk-like layers considered here, in ­
creasing by about a factor of three between the unstrained case, where dg/dn =  
4.2xl0_16cm2, and the tensile-strained case, where the TM  differential gain, dg/dn 
=  12xl0~16cm2. The TE  differential gain is also enhanced in the compressively- 
strained structure, but the value of dg/dn — 6.3xl0_16cm2, is still only approxi­
mately half the value found for TM  gain under biaxial tension, due to the different 
character of the valence band maximum in the two cases.
I t  has been shown above, that significant improvements can be obtained in  lasers 
w ith a bu ilt-in  strain. In practice, the incorporation of any amount of either 
tensile or compressive strain w ill reduce the carrier and radiative current densities
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Figure 4.8: Threshold current density for (a) bulk theory assuming a threshold 
gain of 350cm_1 at a constant optical gap of 1.55/xm and (b) for visible wavelength 
quantum well lasers, taken from results by Valster et a l . [56]. Both are plotted as 
a function of compressive and tensile strain.
compared to equivalent unstrained structures1. This is illustrated in  Fig. 4.8(a) 
where a constant optical gap of 800meV is assumed and the radiative component 
of the threshold current density (assuming a constant threshold gain of 350 cm-1) 
in layers under biaxial tension and compression are plotted as a function of built- 
in  strain. The threshold current density decreases rapidly w ith increasing strain, 
w ith greater reductions being achieved for a given tensile strain.
Fig. 4.8(b) shows experimental measurements of 0.63/xm wavelength quantum well 
lasers by Valster et a l , [56]. The experimental results are in good agreement, qual­
itatively, w ith  our calculations showing approximately a 70% decrease in threshold 
current for 0.5% tensile strain and a 35% decrease for 0.5% compression. The 
largest threshold current is observed to occur at differing strain in Figs. 4.8(a) and
(b). This is because the experimental results are measured in quantum well struc­
tures where the heavy-hole and light-liole states are already split at zero strain, for 
reasons described in chapter 5. The increase in the threshold current density above 
0.5% tensile and compressive strain, observed in Fig. 4.8(b) is not accounted for in 
our analysis. This increase is thought to be due to non-radiative current in  these
1It is worth noting here that this is only the case for bulk lasers. Realistic quantum well lasers 
suffer increased threshold carrier and current densities with small amounts of tensile strain as 
discussed in chapters 5 and 6.
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lasers which is beyond the scope of this thesis. The same agreement between the 
results in Fig. 4.8(a) and experimental results at 1.5pm wavelength is not observed 
mainly due to the dominance of Auger recombination current in realistic devices 
at this wavelength. I f  the Auger current is simply assumed to vary as :
Jth = Cn3th ,
where C  is the Auger coefficient and n th is the threshold carrier density.
Lattice Mismatch [%]
Figure 4.9: Auger dominated threshold current density for (a) bulk theory assum­
ing a threshold gain of 350cm-1 at a constant optical gap of 1.55pm and (b) for 
1.5pm wavelength quantum well lasers, taken from results by T liijs  e t a/.[9]. Both 
are plotted as a function of compressive and tensile strain.
Assuming C  remains constant w ith strain, the simplified behaviour of the Auger 
current can be observed by plotting the variation of rPth w ith both tensile and 
compressive strain. A constant threshold gain of 350cm-1 is assumed. Fig. 4.9(a) 
shows the theoretical plots of n 3h versus strain from bulk theory. This can be 
compared w ith  a systematic experimental study provided by Thijs et cd.,[9] on 
quantum well lasers designed to emit at 1 .5pm as a function of compressive and 
tensile strain. The change in the theoretical Auger current in  Fig. 4.9(a) gives 
better agreement w ith  Fig. 4.9(b) than the radiative current density shown in Fig. 
4.8(a). However, many other factors are influencing the behaviour of Fig. 4.9(b) 
than can be accounted for in a simple bulk analysis. The behaviour of quantum 
well lasers w ith  strain is dealt w ith in chapters 5 and 6.
(4.3.3)
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Figure 4.10: Component of radiative current density polarised in^y(TE) direction 
for a peak gain of 350cm-1 plotted as a function of axial strain energy S w ith a 
constant optical band-gap of SOOmeV. This demonstrates that the reduction in ra­
diative current density w ith strain is largely due to the suppression of spontaneous 
emission polarised along directions which do not not contribute to the dominant 
gain mechanism.
Results in  Fig. 4.10 emphasize how the elimination of spontaneous emission po­
larised along directions which do not contribute to the dominant gain mechanism 
also improve the performance of strained bulk-like semiconductor lasers. Fig. 4.10 
shows the contribution to the radiative current density of recombination associated 
w ith  states polarised along the y { TE) direction, as a function of strain, also at a 
peak gain of 350cm-1. Because of symmetry an equal contribution to the total cur­
rent density is expected from light polarised along the laser cavity (x-direction), 
which never undergoes gain, and therefore is always regarded as unproductive 
spontaneous emission. Under compressive strain, the component of the radiative 
current density, at a TE gain of 350cm-1 , remains approximately constant, w ith  
increasing strain, as the emission originates primarily from the db| states at the
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valence band edge.
The reduction in the radiative current density w ith  compressive strain in Fig. 
4.8(a) is then partly due to the elimination of the T M  component of spontaneous 
emission. By contrast, the uppermost valence band becomes predominantly 2-like 
under biaxial tension and therefore suppresses spontaneous emission polarised in 
b o th  the x  and y  directions. Hence, for both types of strain the reduction in the 
threshold radiative current density in bulk-like lasers is associated w ith  the elim­
ination of spontaneous emission which is not contributing to the dominant gain 
mechanism w ith greater reduction predicted for the tensile case. Thus, the incor­
poration of strain can be said to have modified the three dimensional symmetry of 
the wavefunctions which exist in the bulk crystal and matched them more to the 
one dimensional symmetry of the laser beam by control of the polarisation.
4 . 4  S u m m a r y  a n d  C o n c l u s i o n s
In summary, it  has been shown that the application of both tensile and compressive 
strain to a bulk-like laser can dramatically improve the operating characteristics of 
the laser, by reducing the transparency current and carrier densities and increasing 
the differential gain compared to unstrained structures. The improvements seen 
here are due to three main changes in the valence band-structure:
(1) The removal of the degeneracy at the top of the valence band and subsequent 
reduction of the density of states.
(2) The reduction in  the number of states contributing to unproductive emission 
polarised along directions not contributing to the dominant gain mechanism. Thus, 
leading to a valence band structure w ith symmetry approaching that of the laser 
beam.
(3) W ith  tensile strain, an increase in the TM  transition strength w ith increasing 
strain due to the interaction between the spin-split-off band and the liglit-hole 
band. Thus, there is an increase in the proportion of states contributing to the 
dominant gain mechanism.
Thus, using a simple analysis important contributions to the performance of strained 
layer lasers have been identified. The characteristics of equivalent bulk structures 
under both tensile and compressive strain were considered, and it  was found that
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the former, tensile case, had better characteristics, in  all areas, than the latter, 
compressive case. Finally, it  can be concluded that, in either case, simply us­
ing this analysis the incorporation of biaxial strain is beneficial to the operating 
properties of a long-wavelength bulk-like laser.
******
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Q u a n t u m  W e l l  L a s e r s
5 . 1  I n t r o d u c t i o n
In  chapter 4 a bulk-like analysis was used to elucidate some of the beneficial ef­
fects that the incorporation of strain introduces, and to note some of the important 
mechanisms contributing to the improved performance observed in both compres­
sive and tensile-strained lasers. Realistic strained-layer laser devices, however, are 
grown w ith  active layer thicknesses typically less than 200A, where quantum con­
finement effects are observed. Therefore, a quantum well model is required to study 
some of the many other factors contributing to the effects of strain in  realistic laser 
structures that were not addressed in a bulk analysis.
This chapter begins by briefly introducing the concept of strained quantum well 
(QW) lasers and summarises some of the effects that cause QW lasers w ith in-built 
strain to have improved performance over unstrained devices. The problems of 
comparing the performance of QW lasers w ith differing in-bu ilt strain is considered. 
Finally, section 5.3 describes the theoretical analysis used for comparison w ith  the 
experimental results described in chapters 6 and 7.
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5 . 2  I m p r o v e m e n t s  i n  t h e  P e r f o r m a n c e  o f  Q W  
L a s e r s  u s i n g  S t r a i n .
Incorporating elastic strain into quantum-well structures has added a new dimen­
sion to the possibilities available for band structure engineering. I t  has led to 
dramatic improvements in the properties of established quantum well lasers and 
has made accessible totally new material systems and wavelength ranges. De­
spite these advances, because the effects are complex and multi-faceted, much of 
the basic physics has not been properly quantified and devices are probably far 
from optimum. A major problem is that the large number of variables that define 
the properties of a single device make the comparison of different structures very 
difficult. The influence of the strain 011 QW lasers is complex[37], but for this the­
sis, which is concerned w ith devices grown on (100) substrates, two main effects 
discussed in chapter 4, should be emphasized :
a) By moving apart the heavy-liole and light-hole valence bands, the strain 
reduces the density of states at the top of the valence band and allows optical 
transparency and the lasing threshold to be achieved at a lower injected carrier 
and current density.
b) The strain modifies the three dimensional symmetry of the wave functions 
which exist in the bulk crystal and matches them more effectively to the one 
dimensional symmetry of the laser beam.
The further modification of these effects in quantum well devices are discussed in 
the next section.
5 .2.1 V a le n ce  B a n d  E ffe c ts
Carriers in a quantum well are confined in the growth direction (2-direction), and 
as such are only free to move in the plane perpendicular to the growth axis. This 
changes the density of states in the valence and conduction bands, as discussed 
briefly in  chapter 2. The energy levels available to the electrons in  the conduction 
band can be approximated by
E ( n , k I t k y ) =  E „  + £L(kl + fcj), (5.2.1)
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where E n represents the quantised energy levels (subbands) in the growth, z- 
direction and ra* is the in-plane effective mass for each subband. This is shown 
schematically in  Fig. 5.1. A similar situation occurs for holes in the valence band 
but is more complex.
Figure 5.1: On the left side, tlie three lowest energy subbands are plotted as a 
function of the in-plane wave-vectors k x, k y . On the right side the correspond­
ing two-dimensional (2-D) density of states function is shown. The dashed curve 
represents the 3-D density of states function.
An interesting point to note from Fig. 5.1 is that the minimum energy level 
subband for the 2-D system is always higher than the 3 -D, bulk case because of 
the quantum confinement energy. The position of the subbands varies strongly 
w ith the w idth of the quantum well, and this factor enables quantum well lasers 
to be produced w ith  the same composition but differing wavelengths simply by 
changing the well-width. This can be seen in Fig. 5.2, taken from reference [58] 
for the AlGaAs/GaAs system. As the well width increases the subbands move to 
lower energies; tending to the 3-D case at large well widths.
The characteristics of III-V  semiconductor lasers are largely determined by the 
valence band structure[37]. The changes occurring from quantisation have a dra­
matic effect on the performance of these lasers. The benefits that strain produced 
in  the bulk analysis of chapter 4 were largely caused by the separation of the 
heavy-hole and light-hole bands changing the character of the states at the valence 
band maximum.
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Figure 5.2: Quantum well transition energies versus well w idth for AlGaAs/GaAs 
system. The plot is taken from reference [58]
Efc
Efv
Efc
Efv
(b) Tensile (c) Compressive
Figure 5.3: Idealised density of states and carrier ocuppancy (shaded area) for
(a) an unstrained quantum well, (b) a tensile-strained quantum well and (c) a
compressively-strained quantum well.
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In  quantum wells, the separation of the valence bands and more can be achieved 
solely by confining the carriers in 1-D as summarised below:
(1) Due to the step-like density of states the peak in the carrier distribution 
occurs at the subband edge, as shown schematically in Fig. 5.3(a). This greatly 
enhances the differential gain over that of a bulk structure due to the larger number 
of carriers available for recombination close to the band edge.
(2) The transition m atrix element between the conduction and valence sub­
bands is increased in quantum wells; this leads to a higher peak gain than in an 
equivalent bulk structure above transparency. The gain in a quantum well, does 
however, tend to saturate at higher carrier densities because of band-filling.
(3) The degeneracy of the lieavy-liole and light-hole bands at the zone centre 
is lifted. The light-hole subbands encounter greater confinement at the zone-centre 
than the lieavy-hole subbands. This effect moves the light-hole subbands further 
from the valence band-edge than the heavy-hole subbands, as shown in Fig. 5.4(a). 
This splitting of the lieavy-hole and light-hole bands changes the proportion of 
states, at the valence maximum that can contribute to TE and TM  emission, as 
explained in chapter 4.
(4) As the subbands move further apart tlie mixing between them decreases. 
This allows the upper band a lighter in-plane dispersion over a larger momentum 
wave-vector, as shown in Figs. 5.4(b) and (d).
The combination of strain and quantum confinement in strained quantum well 
lasers allows a wide range of valence subband structures, w ith both tensile and 
compressive strain. Tlie plots in Fig. 5.4 are examples of the valence subband 
dispersions at differing strains (taken from Adams and O’Reilly[59]). In  Fig. 5.4, 
the width of the quantum wells are adjusted to give a band-gap of about 1.5/xm.
Although there are benefits gained by reducing the dimensionality the situation 
is far from ideal. The conduction and valence subband density of states (DOS) 
in an unstrained quantum well device is shown schematically in Fig. 5.3(a). I t  
can be seen that the valence band density of states is much larger than that of 
the conduction band. Adams [2] stated that, “ an ideal semiconductor laser should 
have conduction and valence bands which are m irror reflections of one another 
about the centre of tlie band-gap” . Extending the above statement, tlie following 
points form the basic definition of an ideal semiconductor laser:
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Figure 5.4: Valence subband dispersions taken from Adams and O’Reilly[59] for (a) 
unstrained (50A), (b) 1.2% compressively-strained (30A), (c) 0.4% tensile-strained 
(90A), and (d) 1 .2% tensile-strained (IlO A ) InGaAs quantum well structures de­
signed w ith band-gaps around 1 .5/mi.
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(1) The existence of only one band at the top of the valence band.
(2) A valence band dispersion which is a m irror image of the conduction 
band and w ith  an associated effective mass as small as possible. This serves to 
minimise both the carrier and current density required for population inversion 
and maximise the differential gain.
(3) The upper valence band states having 1-D symmetry. This ensures that 
recombining carriers emit photons in one polarisation only.
Com pressive S tra in
The incorporation of compressive strain into the active region of a quantum well 
has a number of effects:
(1) The curvature of the bulk heavy-hole band in the quantum well plane is 
reduced, as shown in  Fig. 4.3(a).
(2) The heavy-hole and light-hole subbands are pushed further appart thus 
reducing the valence band density of states, Fig. 5.3(b), by a reduction of the 
heavy-hole subband mass, Fig. 5.4(b).
(3) The symmetry of the upper valence band states at the Brillou in zone 
centre are reduced from 3-D to 2-D.
Tensile S tra in
Adding tensile strain to an unstrained quantum well was, at first, thought to have 
only detrimental effects to the performane of quantum well lasers. In -bu ilt biaxial 
tensile strain w ill tend to reverse some of the effects of quantum confinement due 
to the movement of the light-hole subbands up in energy whilst lowering those of 
the heavy-hole subbands. This has a number of different effects depending on the 
amount of strain in  the quantum well.
(1) Under tensile strain the curvature of the bulk light-hole valence band in 
the growth direction is reduced, as shown in Fig. 4.3(b). This ensures a large 
splitting between the light-hole subbands in the quantum well structure.
(2) The effect of moderate strain is not enough to overcome the quantum 
confinement; therefore the heavy-hole and light-hole subbands are pushed together
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where increased mixing occurs, as shown in Fig. 5.4(c). This w ill increase the 
curvature of the upper band thus causing the laser’s performance to degrade.
(3) I f  the strain is large enough, however, then the light-hole band can become 
the uppermost band and as the strain is increased further the band w ill separate 
sufficiently to reduce the curvature of the light-hole subband, shown in  Fig. 5.4(d), 
and thus give improved performance. The decrease in the light-hole subband dis­
persion can also give a reduced density of states at the top of the valence band, 
shown in Fig. 5.3(c).
(4) The symmetry of the upper valence band state, at the zone centre, ap­
proaches the ideal 1-D case w ith increasing tensile strain, as discussed in  chapter 
4.
(4) The strain at which the light-hole subband becomes uppermost can be 
reduced by increasing the width of the quantum well, which reduces the quantum 
confinement effect. An increase of the well width also increases the optical con­
finement factor of the well giving further improvements, which are discussed in 
chapter 6.
As can be seen from the above qualitative discussion the interpretation of the effects 
of strain on the quantum well valence band-structure are complicated. In  sum­
mary, the enhanced radiative performance of tensile and compressively-strained 
QW lasers are due to the modification of the three dimensional symmetry of the 
wave functions which exist in the bulk crystal, i.e. the polarisation dependence 
of the valence bands, and a decrease in the valence band effective masses com­
pared w ith  the unstrained case. The following references [12,13,14,11,60] describe 
theoretical work on the improved performance of tensile-strained lasers.
The behaviour of the conduction band dispersion and density of states does not 
change appreciably w ith strain, and therefore does not have a major effect on the 
threshold current w ith  strain. However, one effect related to the conduction band 
has important consequences; namely, the change in the band-gap of the quantum 
well w ith strain, which is discussed briefly in the next section.
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5 .2.2 T h e  E ffe c ts  o f  S tra in  o n  th e  T h re s h o ld  C u r re n t
The previous section described the effects of strain on the valence band structure. 
I t  has been shown by Loehr and Singh[61] that for 1 .5 /m i quantum well lasers the 
majority of the threshold current is taken up by non-radiative Anger recombina­
tion. As the strain is increased, there is a change in  the quantum well band-gap 
energy. This change is important where band-gap dependent loss mechanisms, 
such as Auger recombination and intervalence band absorption, are present. The 
behaviour of these loss processes, and therefore the threshold current, w ith  tensile 
and compressive strain w ill be considered in chapter 6
5 .2.3 C o m p a r in g  th e  T h re s h o ld  C u r re n t  in  S tra in e d  Q u a n ­
tu m  W e ll Lasers .
Commercial use of semiconductor lasers relies on the precise control of the las- 
ing wavelength. For long-distance optical communications the optimum wave­
length lies at 1.55/mi; this is the minimum attenuation wavelength for silica optical 
fibre[15]. The structure mostly used at this wavelength is Iiii-G a i^A s  quantum 
wells surrounded by InGaAsP barriers grown on an InP substrate. Earlier in this 
chapter, i t  was discussed briefly how the variation in the w idth of the quantum 
well can considerably alter the energy levels in the well; this is a very important 
consideration when lasers of differing' strains are designed to operate at the same 
wavelength.
When growing quantum well structures it  is important that the well is suitably 
mismatched to the InP substrate, and that the emission wavelength of the laser 
is at the prescribed value. Unfortunately I n x G a i - x A $  being a ternary alloy has 
only one degree of freedom: the indium content, x .  Thus, it  is necessary to vary 
the well w idth to achieve devices having different strains but which operate at the 
same wavelength. This is illustrated by the results of Thijs e t ft/. [9], shown in Fig. 
5.5. I t  can be seen that at x=0.53 the well is unstrained; compressive strain occurs 
w ith increasing indium content, x>0.53, whilst tension is achieved by decreasing 
the indium content, x<0.53. The well-width on the other hand varies from about 
20A in the 1 % compressive case to 120A in the 1 .6% tensile case; this is required 
to maintain the wavelength at 1.5/xm.
I t  is difficult from Fig. 5.5 to determine whether the observed improvement in  the
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tension Strain(%) compression
Figure 5.5: Threshold current density for 1.5/m i quantum well lasers as a function 
of compressive and tensile strain, [9].
laser’s performance, w ith increasing strain, is due to the effect of the strain, the 
well w idth or the composition. More realistically, there exists a complex interplay 
between all effects, which does not become obvious un til one looks more deeply at 
the theoretical behaviour of quantum well lasers as a function of these parameters. 
The work described in chapter 6 attempts to quantitatively evaluate the major 
effects of strain on the threshold current of 1 .5p.in quantum well lasers. This is 
achieved by comparing experimental measurements of the threshold current density 
of QW laser devices as a function of cavity length at differing strains. However, as 
w ill be discussed in chapter 6, many uncertainties still exist concerning variations in 
compositional parameters inherent in comparing devices at differing compositions.
Another way of tackling the problem is by simulating the effect of strain w ith no 
variation in composition. This can be achieved in a laser device by applying uni­
axial stress. Application of compressive uniaxial stress along the growth direction 
of a laser device causes biaxial tensile strain to be incorporated in the plane of the 
quantum wells in a manner very similar to that of in-bu ilt lattice mismatch strain. 
Chapter 7 describes some preliminary results of the application of uniaxial stress 
to both strained and unstrained quantum well lasers.
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5 . 3  S t r a i n e d  Q u a n t u m  W e l l  L a s e r  C a l c u l a t i o n s
A suite of sophisticated computer programs, developed by Silver e t a l . , [62] to 
calculate the material parameters, quantum well band-structure, linear gain and 
radiative current density were used in the analysis described in chapters 6 and 7. 
The theoretical description of the programs are briefly described in this section.
A schematic flow chart of the computer programs is shown in Fig. 5.6 and can be 
split into three areas which are described in tlie following sections.
Uniaxial Stress Well/Barrier widths 
and compositions.
Material Parameters 
Strain Calculations
Laser Device 
Parameters
Band Structure 
Parameters
Gain versus Carrier Density 
versus Stress/Strain
Lasing Wavelength 
versus Stress/Strain 
......
Figure 5.6: Flow chart showing the structure of computer programs used to cal­
culate the quantum well laser properties.
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5 .3.1 C o m p o s it io n a l a n d  S tra in  P a ra m e te rs
This program calculates the material parameters for the device from the well and 
barrier compositions, and the well and barrier widths. A ll the relevant material 
parameters for use in the band structure and gain programs are established. The 
uniaxial stress terms are included in this program, and these w ill be discussed in 
chapter 7.
Conduction Band 
Offset
’
Barrier Band-Gap 
Bb
Quantum Well 
Band-edge
Confined Band 
Gap Eqw
Valence Band 
Offset
Barrier width Well-width
Figure 5.7: Energy band line-up diagram for a quantum well structure.
To adequately model any one device the well and barrier material parameters 
should be considered. A schematic band energy diagram of a barrier/quantum 
well structure is shown in Fig. 5.7. The band offsets and barrier band-gap are im­
portant parameters which have some influence on the quantum well band structure 
and hence the gain. The output of this program is a set of parameters that are fed 
into the quantum well laser modelling program. Ternary and quaternary mate­
rial parameters for Ina.Gai_a.As /  InyGai_yAs~Pi_z are interpolated from the four 
binary components of InP, InAs, GaP and GaAs, using the following expression :
 ^ ®(1 — ®)[yTGaInAs(n) +  (1 — y)TGainP(x)] /k o 1\
Q{x'y) = — ------- * ( i - » ) + i ( i  - v )    (5-3-1}
2/(1 — y)\xTGaAsP(y) +  (1 — x)TlnAsP(y)] 
x ( l - x )  + y ( l - y )
where
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Tabc(v) =  x B a c  +  (1 — x ) B b c  +  C a b c % (  1 — ®); (5.3,2)
Ba ci B b c  are the binary parmeters, C a b c  is the ternary bowing parameter, and x 
is the fractional composition of A  in A XB \ _ XC .  The relevant material parameters 
used in  the analysis were obtained from references [48,63,64].
The lattice constant for any given composition of InGaAs(P) is compared w ith 
that of InP, giving the strain due to the lattice mismatch discussed in chapter 
3. Lattice mismatch strain has two predominant effects on the electronic band 
structure of the semiconductor[37]. The first is due to a change in the volume of 
the unit cell, known as the hydrostatic component, which gives rise to a shift of 
the mean band-gap ( A E g). The second is due to tetragonal deformation of the 
cubic crystal, known as the shear component, which changes the heavy-hole(HH) 
and light-hole(LH) valence band energies. This gives rise to the strain energy, S , 
discussed in chapter 4.
Hydrostatic —k A .E g — aevoi — ^ u>{exx -j- cyy 4- 622)
Axial => S  =  —beax =  - b [ e ss -  1(6^ +  eyy)] (5.3.3)
where a  and b are the hydrostatic and axial deformation potentials of the materials 
respectively. There are two components of a.; one which describes the shift of 
the average valence band energy and the other which describes the shift of the 
conduction band energy. Both are included in the program.
5 .3.2 L a s e r M o d e ll in g  P ro g ra m s .
Calculation of the quantum well band structure follows on from the bulk analysis, 
described in chapter 4. The program solves tlie 3 x 3  Luttinger-Kohn Hamiltonian 
[42] including the lieavy-hole, light-hole and spin split-off states w ith in the frame­
work of an exact envelope function calculation [65,66,67] for the valence bands. 
The conduction quantum states are generated using a finite difference[68] method 
to solve the Schrodinger /  Poisson equation[69] self-consistently; this accounts for 
electrostatic effects and the spillover of electrons into the barrier region[70]. Due 
to the large valence band offset of structures considered in the following chapter, 
hole spillover effects are not expected to be important. As discussed in [62], the 
use of a Poisson solver in the calculations was necessary for long-wavelength 1.5/xm 
lasers, especially those under tensile strain because of the small, and for some cases
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negative (Type II) , conduction band offset. This provides poor confinement of the 
electrons in the conduction band potential well and, therefore the use of calcula­
tions on these structures without the Poisson solver would be higlily inaccurate. 
For a given structure the optical gain (the programs assume a constant intra-band 
relaxation time of 0.1ps[19]) and spontaneous emission are calculated as a function 
of the carrier density. The integrated spontaneous emission gives the radiative 
component of the current density, based on the same theory as given in  chapter 4 .
5 . 4  S u m m a r y
In  this chapter, a quantitative description of the behaviour of strained quantum 
well lasers, based mainly on a treatment of the valence band structure was con­
sidered. The work provides a necessary overview of some of the problems and 
complexities inherent in quantum well laser devices. Finally, a brief description of 
the theoretical programs used in chapters 6 and 7 was presented.
H c fc %
C h a p t e r  6
T h e  T h r e s h o l d  C u r r e n t  o f  
S t r a i n e d  Q u a n t u m  W e l l  L a s e r s
6 . 1  I n t r o d u c t i o n
In  this chapter the theoretical model, described in chapter 5, is used to explore the 
effects of strain on the threshold current of quantum well (QW) lasers. Studies are 
made on compressive and tensile-strained lasers, using the quantum well theoretical 
model described in chapter 5.
Experimental measurements of the strain and optical transition energies are fitted 
theoretically for a series of tensile-strained lasers. The devices in the series were 
grown at intervals of, nominally, 0.25% up to a maximum of 1.75% tensile strain. 
Double crystal X-ray measurements[71] were performed i n - s i t u  to assess the strain 
in  the active layer of the devices. Results from room temperature photolumines- 
cence(PL) [71] and photovoltage(PV) [72] measurements were used to evaluate the 
optical transition energies for the two lowest energy direct transitions, namely the 
conduction to heavy-hole (E1-HH1 ) and conduction to light-hole (E1-LH1) sub- 
band transitions. The splitting between the heavy-hole and light-hole subbands 
has profound effects on the characteristics of the laser, as discussed in  chapters 
4 and 5. Using the theoretical model, the compositional parameters necessary to 
adequately model the laser’s threshold current were found by fitting  to the strain, 
well-width and transition energies obtained experimentally. Good agreement is 
observed, between theory and experiment, for the transition energies giving confi­
dence to the parameters used to calculate the quantum well laser gain.
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Experimental measurements, from the literature[73], of the threshold current den­
sity as a function of cavity length for these tensile-strained devices were then stud­
ied theoretically. The influence of tensile strain on the threshold current has been 
much less studied both theoretically and experimentally than that of compressive 
strain.
Using a modified analysis based on the work of Mcllroy et a l . , [74] the threshold 
current density and i t ’s cavity length dependence are compared w ith  theory for 
unstrained and differing tensile strained devices in  the series. Estimates of the 
variation of the threshold current density w ith threshold carrier density supports 
the dominance of Auger recombination in these devices. The variation of the 
threshold current and its cavity length dependence are correlated w ith  changes in 
the theoretical differential gain, the estimated Auger recombination coefficient, the 
transparency carrier density and the optical confinement factor.
The same analysis is then performed on results, from the literature[75], for a set of 
1.1% compressively-strained lasers grown w ith 3, 6 and 9 wells respectively. The 
results, again, show how Auger recombination provides the dominant contribution 
to the threshold current.
Direct comparison can then be made between the factors affecting the threshold 
current density and its cavity length dependence in unstrained, compressive and 
tensile-strained devices, operating around 1.5/mi. The results show an increase 
in  the Auger recombination coefficient going from tensile to compressive strain. 
Comparing the 1.1% compressively-strained devices with 1 .12% tensile-strained 
device, it  is shown that tlie differences in their characteristics are mainly due to 
the optical confinement factor in the tensile case and the differential gain in  the 
compressive case.
Current work in this area has concentrated on evaluating the processes contribut­
ing to the continuing poor temperature performance of strained QW lasers. The 
reasons for the failure of strain to significantly reduce the temperature sensitivity 
are still not properly understood. There are four current ideas on this issue.
(1) The process dominating the threshold current is phonon-assisted [26] 
Auger recombination which is not expected to vary significantly w ith strain.
(2) Using Monte-Carlo calculations it  has been shown[76] that the band-to- 
band Auger CHSH process can have a low activation energy and therefore does
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not significantly affect the temperature sensitivity.
(3) The temperature dependence of the threshold current density is attributed 
to the sensitivity of the gain (or differential gain) process[77].
(4) A t threshold, there is a large current associated w ith  stimulated emission 
[78], which is not usually considered.
These considerations, however, all remain uncertain because of the fact that the 
precise contributions to the threshold current and how they vary w ith  strain are 
s till not properly understood. The main purpose, then, of the work described in 
this chapter is, through comparison between theory and experiment, to ascertain 
some of the factors affecting the threshold current density of strained layer lasers 
operating around 1 . 5 p m  wavelength. In what is a comparatively complex analysis, 
the work attempts to relate the experimental measureables of the threshold current 
density and its cavity length dependence to simple theoretical parameters. These 
are observed to account for the major changes in the laser threshold current w ith 
strain. The work begins in the next section w ith a description of the structure of 
the tensile-strained laser devices.
6 . 2  T e n s i l e - S t r a i n e d  D e v i c e  D e t a i l s
The growth structure is shown in Fig. 6.1.
InP lOOnm
InGaAsP Guide 150nm
p-type Region
InGaAsP Barrier 14nm
4 x InGaAs Wells 9.8nm A ctive  Region
3 x InGaAsP Barriers 14nm (undoped)
InGaAsP B airier 14nm
InGaAsP Guide lOOnm
InP Buffer + InP Substrate
n-type Region
Figure 6.1: Growth direction structure for the tensile-strained series.
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The series of tensile-strained laser devices were grown at BNR Europe by Low 
Pressure MOCVD[73], A ll lasers were grown w ith, nominally, the same well w idth 
and 4 quantum wells. The lasers were fabricated as 50//,m wide oxide-defined stripe 
devices. The well material was Garfn.x_3.As and the barrier Garfnx_a-AsyPx_y grown 
on an InP substrate.
The growth structure was nominally kept the same throughout the growth series. 
The barrier InGaAsP quaternary material was not altered through the series. The 
only parameter intentionally changed from strain to strain was the G a/In ratio 
and hence mismatch strain in the well regions.
To quantify the lattice mismatch strains, double crystal X-ray diffraction mea­
surements were made following growth. The results of the measurements and 
subsequent modelling are shown in table 6.1 [71].
Device Number Lattice Mismatch Strain(%) Well W idth (A)
E874 0% 98
E866 -0.28% 98
E868 -0.52% 98
E869 -0.79% 98
E870 -0.97% 98
E876 -1 .1 2% 98
E878 -1.29% 98
Table 6.1: Strains elucidated from double crystal X-ray measurements and 
modelling.
Room temperature photoluminescence(PL)[71] and photovoltage(PV)[72] spectroscopy 
measurements were performed. These results were used to provide compositional 
input to the theoretical model.
6 . 3  S p e c t r o s c o p i c  M e a s u r e m e n t s
Photovoltage (PV) and pliotoluminescence (PL) are useful spectroscopic tools rou­
tinely used for optical characterisation of semiconductor materials. Information 
about the position of not only the lowest energy transition but also higher transi­
tions can be acquired using these techniques. The PV measurements were carried 
out at room temperature on the series of devices[72] at Surrey. The PL mea­
surements were made at BNR Europe[71] to compare w ith the PV measurements.
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Photovoltage results from a 0.79% tensile-strained device is shown in Fig. 6.2 along 
w ith  the position of the photoluminescence peaks and the lasing wavelength.
%
(D
SP1—"Ho
>
2o
W ave leng th  (nm )
Figure 6.2 : Comparison of photovoltage, photoluminescence and lasing wavelength 
results for a -0.79% tensile-strained device.
As can be seen the PL and PV results are in good agreement and the lasing wave­
length is seen to be close to the band-edge as expected. The photovoltage results 
can be used to give the heavy-hole (E1-HH1 ) and light-hole (E1-LH1) transition 
energies. The measurements of the E1-HH1 and E1-LH1 results then give us the 
HH1-LH1 separations which are important parameters to aid in the theoretical 
analysis as described in the next section.
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6 . 4  A n a l y s i s  o f  S p e c t r o s c o p i c  M e a s u r e m e n t s
When interpretting experimental results on QW lasers it  is useful to have a well- 
grounded understanding of the material parameters needed to describe the de­
vices. The PL and PV measurements give valuable information and when used in 
conjunction w ith  the strains from X-ray diffraction give the material parameters 
needed for the theoretical gain calculations. The fitting  was constrained using the 
following criteria:
(1) The theoretical lattice mismatch strains match the X-ray strains w ith in  ±2%.
(2) The E1-HH1 and E1-LH1 quantum well transition energies matched the PV 
energies to w ith in  ± 2%.
(3) Only the gallium /indium ratio in the well is changed to satisfy the above two 
criteria.
However, in  attempting to fit the results the calculated splittings were in itia lly  
too large at all strains. Thus, it  was necessary to reduce the interpolated axial 
deformation potential, b, used in tlie theoretical model by 1 0% compared to that 
published by K rijn  e t a/.,[13]. to give the best fit to the heavy-liglit-liole splittings. 
I t  has been shown that compressively-strained InGaAs on GaAs has hydrostatic 
pressure coefficients smaller than that expected simply by interpolation[79j. I t  
is not understood presently why the pressure coefficents are different. To my 
knowledge, no such measurements have been performed under tensile strain in  this 
system, but it  is a reasonable assumption that differences w ill also be observed.
Figure 6.3 shows the comparison between theory and experiment for the photovolt­
age and photoluminescence band structure data. Close agreement is seen at most 
strains w ith the largest disagreement at the highest tensile strain. The PL and 
PV results are slightly offset from each other due to the postition in the PV mea­
surements where the transition energy is taken. The trends and splittings between 
the HH1-LH1 subbands are the parameters of real importance to the theoretical 
modelling, however, and not the absolute energies. The material parameters used 
in  the theoretical model to produce the comparison are shown in table 6 .2 .
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Figure 6.3: Comparison between theory and experiment of pliotovoltage and pho­
toluminescence results on tensile-strained devices.
6 . 5  A n a l y s i s  o f  t h e  T h r e s h o l d  C u r r e n t  i n  T e n s i l e -  
S t r a i n e d  L a s e r s
6 .5.1 In te r p r e ta t io n  o f  E x p e r im e n ta l R e s u lts
The threshold current of the laser devices were measured as a function of tensile 
strain and at a variety of cavity lengths[73]. Between six and ten devices were 
measured at each length and strain and the results averaged. The variation of the 
threshold current density w ith cavity length can yield useful results and w ill be 
used in  this section to compare w ith theory. Fig. 6.4 shows the natural logarithm 
of the threshold current density plotted versus reciprocal cavity length. Linear 
regression of the points as a function of the cavity length yields the following 
relationship based on the work of Mcllroy et aZ.,[74];
Jth =  Jo exp ( j ^ - J  (6.5.1)
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Device
Number
Lattice Mismatch 
Strain# %)
Gallium Fraction(l-x) Well W idth (A)
E874 0% 0.467 98
E866 -0.28% 0.507 98
E868 -0.52% 0.542 98
E869 -0.79% 0.582 98
E870 -0.97% 0.607 98
E876 -1 .12% 0.629 98
E878 -1.29% 0.654 98
Table 6.2: Strains elucidated from the theoretical model.
where L  is the cavity length of the device, J Q is the intercept of the plots on the J*/, 
axis, (30 is the slope of the plots and N lu is the number of quantum wells. Increase of 
the cavity length decreases the threshold current density due to an overall reduced 
facet loss per unit length, leading to a reduced threshold gain per unit length and 
threshold carrier density.
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Figure 6.4: Threshold current density versus reciprocal cavity length for increasing 
well tension from 0% to 1.75%.
The slope, (30, and the intercept, J0, of the plots shown in Fig. 6.4 are useful
parameters which can be used in conjunction with a theoretical model to analyse
the threshold current in these devices. The parameters (30 and JQ obtained from
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Fig. 6.4 are shown in table 6.3.
The value of (30 decreases as the tensile strain increases indicating that the threshold 
current density is becoming less cavity length dependent as the strain is increased.
Device
Number
Polarisation Strain
(%)
(30 (/w ell) 
(cm)
Jo
(A /cm -2)
E874 TE 0.0 0.140 666
E866 TE -0.28 0.141 713
E868 TM -0.52 0.137 815
E869 TM -0.79 0.112 579
E870 TM -0.97 0.091 584
E876 TM -1.12 0.080 584
E878 TM -1.29 0.080 517
Table 6.3: Parameters obtained from an analysis of the cavity length dependence 
of the threshold current density for the tensile-strained series.
Before proceeding w ith a theoretical analysis of tlie above results it is worth looking 
at the behaviour of devices at a single cavity length, as a function of tensile strain. 
Fig. 6.5 shows a plot of the threshold current density (J//,) versus tensile strain for 
devices of cavity length 400/xm.
As can be seen for tensile strains up to about 0.5% the threshold current increases 
by a factor of 20%. A further increase in the strain leads to a reduction in the 
threshold current density by about a factor of 2 at 1 % tensile strain over the 
threshold current at -0.5% strain. The qualitative reasons for this behaviour can 
be explained almost entirely by tlie behaviour of the valence band structure and 
were discussed in chapter 5. The strain at which the maximum threshold current 
occurs w ill depend mainly on tlie well w idth of the devices due to the differing 
confinement energies of the heavy and light-hole subbands. Also shown in Fig. 6.5 
is the radiative threshold current density calculated theoretically. As can be seen 
the radiative component is far smaller than the experimentally observed threshold 
current density. The reason for this discrepancy is due to the dominance of the 
non-radiative Auger current in devices operating around 1 . 5 p m  wavelength, and 
which is not shown in Fig. 6.5.
The Auger current, as discussed in chapter 2 , is traditionally represented by the 
following expression,
J aug =  N w C v r fh, (6.5.2)
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Figure 6.5: Threshold current density versus tensile strain for devices w ith a cavity 
length of 400/mi .
where C r is the Auger coefficient, and n th is the threshold carrier density.
This expression is based on Boltzmann statistics, parabolic valence and conduction 
bands, and assumes therefore that the Auger term Cr is not carrier density depen­
dent. The valence subbands in many cases are far from parabolic in the structures 
studied and the accuracy to which the Boltzmann statistics represent the carrier 
occupancy w ill vary from strain to strain. This makes theoretical analysis of the 
experimental threshold current difficult.
Auger recombination has been studied for many decades. I t  still remains difficult 
to accurately calculate the Auger transition rates in  real systems because of the 
complexities involved in integrating over a large portion of the band structure and 
uncertainties in the band structure itself. The Auger current contributing to the 
threshold current in quantum well lasers may be composed of recombination via 
many Auger processes ydth varying strengths. The extent to which the strength 
of these individual processes change w ith composition and strain is not known and
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m a y  be v e ry  d iff ic u lt o r in d e e d  im p o s s ib le  to  se p a ra te . H o w e v e r, in  a  la te r  section  
es tim a te s  o f th e  change o f th e  A u g e r coeffic ien t (w h ic h  are  d e fin e d  ir re s p e c tiv e  o f  
w h a t a c tu a l A u g e r processes are  p re s e n t) w ith  s tra in  are  p re s e n te d  b y  c o m p a rin g  
th e  th re s h o ld  c u rre n t densities  o f these devices a t d iffe r in g  c a v ity  le n g th s .
6.5.2 T h eo retica l M o d e l
A s th e  c a v ity  le n g th  increases th e  th re s h o ld  c a rr ie r  d e n s ity  decreases, T h u s , b y  
ch ang ing  th e  c a v ity  le n g th  i t  is possib le  to  s tu d y  th e  v a r ia t io n  o f th e  th re s h o ld  
c u rre n t d e n s ity  w ith  th re s h o ld  c a rr ie r  d ensity . T h is  is a c h ieved  b y  us ing  an  a n a l­
ysis , based  on  th e  w o rk  o f M c l lr o y  e t  a l . , [74]. T h is  a n a ly is  is m o d ifie d  s lig h t ly  fo r  
th e  case w h e re  th e  la s e r ’s th re s h o ld  c u rre n t is no  lo n g er d o m in a te d  b y  th e  ca lcu ­
la b le  ra d ia t iv e  re c o m b in a tio n  c u rre n t b u t b y  assum ing  th a t  th e  th re s h o ld  c u rre n t  
d e n s ity  is com posed  e n tire ly  o f A u g e r c u rre n t w h ic h  varies as :
J th =  N w . C ( n t h ) . n * h =  N w . C Q . n * h . (6 .5 .3 )
w h e re  n th is th e  2 -D  th re s h o ld  c a rr ie r  d e n s ity , C Q is th e  c a rr ie r  d e n s ity  in d e p e n d e n t  
A u g e r coeffic ien t a n d  N w is th e  n u m b e r o f q u a n tu m  w e lls . A n y  c a rr ie r  d e n s ity  
v a ry in g  c o m p o n e n t o f th e  A u g e r co effic ien t is assum ed to  b e  in c lu d e d  in  th e  v a lu e  
o f x .
T h e  w o rk  o f L o e h r a n d  S in g li[61 ] has show n  th a t  th e  th re s h o ld  c u rre n t d e n s ity  o f  
Q W  lasers o p e ra tin g  a ro u n d  1 .5 /m i is com posed o f o ver 9 0 %  A u g e r  re c o m b in a tio n . 
I f  tills  is so, th e n  i t  is e x p e c te d  th a t  th e  va lu e  o f x  fro m  th is  ana lys is  sh ou ld  b e  
close to  3 . U s in g  th e  ab ove  e q u a tio n  i t  has been  assum ed th a t  th e  v a lu e  o f x  does  
n o t v a ry  s ig n if ic a n tly  w ith  c a rr ie r  d e n s ity  as p re d ic te d  b y  L u i e t  a l , [76] fo r  th e  
A u g e r C H S H  process. T h e  ana lys is  y ie ld in g  th e  re la tio n s h ip  b e tw e e n  J th a n d  n th 
is g iv e n  b e lo w .
T h e  th re s h o ld  m a te r ia l g a in  o f th e  laser is d escrib ed  as,
9t" =  N j L ln S )  +  £ f  ' { 6 '5 -4)
w h e re  T  is th e  o p tic a l c o n fin e m e n t fa c to r , p e r w e ll, fo r  th e  la s e r s tru c tu re , R  is th e  
face t re f le c tiv ity , N w is th e  n u m b e r o f w e lls  an d  a  is th e  to ta l  a c tiv e  la y e r  o p tic a l 
loss.
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T h e  re la tio n s h ip  b e tw e e n  th e  p e a k  la s e r g a in  an d  th e  c a rr ie r  d e n s ity  can  b e  ca lcu ­
la te d  a n d  f i t te d  th e o re tic a lly  fo r  q u a n tu m  w e ll laser devices to  v a ry  as,
9th =  9o I n  ( — )  • (6 .5 .5 )\ Tlir J
w h e re  n tr  is th e  2 -D  tra n s p a re n c y  c a rr ie r  d e n s ity  a n d  g Q is a  p a ra m e te r  re la te d  
to  th e  d iffe re n tia l g a in , I t  is w o r th  n o tin g  h e re , th a t  fo r  a  lo g a r ith m ic  g a in  
c u rve  g-% is in v e rs e ly  p ro p o r t io n a l to  th e  c a rr ie r  d ensity . T h e  ab ove  e q u a tio n  can  
b e  re w r it te n  as,
n th -  n tr  e x p  j  • (6 .5 .6 )
S u b s titu t in g  g th f r o m  e q u a tio n  6 .5 .4  in to  th is  e q u a tio n  an d  re a rra n g in g  g ives,
a ln ( s )
n,,‘ =  e * p  [d d v  ) exp ( u m )  • (6 -5-7)
C o m b in in g  e q u a tio n s  6 .5 .3  w ith  th e  ab ove  eq u a tio n ; th e  re la tio n s h ip  fo r  th e  th re s h ­
o ld  c u rre n t d e n s ity  o f th e  devices is g iven  by,
a x ln(i)x
J th =  N w G o  u l  exp  —  exp  . (6 .5 .8 )
F ro m  e q u a tio n  6 .5 .1  a n d  6 .5 .8  an  expression  fo r x  can  b e  d e riv e d :  
( (logo? \
ln (h)
(6 .5 .9 )
w h e re  i t  is assum ed th a t  a  has no c a v ity  le n g th  an d  hence c a rr ie r  d e n s ity  d e p e n ­
dence. T h is  m a y  n o t b e  th e  case fo r  som e devices, as discussed in  section  6 .7 .3 .
6.5.3 T h eo retica l R esu lts
A  3 slab  d ie le c tr ic  m o d e l w as em p lo y e d  to  c a lc u la te  th e  c o n fin e m e n t fa c to r , F  
a n d  fa c e t re f le c tiv ity , 12[80,81]. T h e  ra d ia t iv e  g a in  w as  c a lc u la te d  us in g  th e  m o d e l
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describ ed  in  c h a p te r 5 a n d  th e  c o m p o s itio n a l p a ra m e te rs  w e re  o b ta in e d  fro m  th e  
f i t t in g  describ ed  a t th e  b e g in n in g  o f th is  c h a p te r. T h e  c a lc u la te d  va lues  o f a; a re  
p lo tte d  in  F ig . 6 .6  as a fu n c tio n  o f th e  tens ile  s tra in . T h e  resu lts  show  a  la rg e  
in crease  in  th e  v a lu e  o f x  a t  -0 .5 3 %  ten s ile  s tra in  w h ic h  decreases s te a d ily  a t fu r th e r  
in c reas in g  ten s ile  s tra in . A  v a lu e  o f x  =  3 is in d ic a t iv e  o f A u g e r  re c o m b in a tio n  
w ith  carrie rs  rep resen ted  b y  B o ltz m a n n  s ta tis tic s . A  d e v ia t io n  fr o m  th is  v a lu e  
m a y  b e  d ue  to  severa l fac to rs . A n  in  d e p th  an a lys is  b ased  on  th is  b e h a v io u r  
w o u ld  b e  h ig h ly  in c o n c lu s iv e , h ow ever, d u e  to  la rg e  u n c e r ta in tie s  in  th e  th e o re tic a l 
p a ra m e te rs , as a p p ro x im a te d  b y  t lie  e rro r  bars in  F ig . 6 .6 , a n d  d escrib ed  b e lo w .
F ig u re  6 .6: T h e  values o f x ,  fro m  analys is  o f th re s h o ld  c u rre n t v a ry in g  as n ^  in  
4 Q W  lasers as a  fu n c tio n  o f tens ile  s tra in .
B y  fa r  th e  la rg e s t u n c e r ta in ty , w h ic h  d o m in a te s  th e  an a lys is , is in  th e  m a g n itu d e  
o f g Q, th e  d iffe re n tia l g a in  co effic ien t. U n c e r ta in tie s , due to  such p a ra m e te rs  as 
th e  in tr a -b a n d  re la x a tio n  t im e  a n d  b and -o ffse ts  a t  d iffe r in g  s tra in s  a n d  c o m p o ­
s itio n s , g ive  rise  to  la rg e  possib le  e rro rs  in  th e  v a lu e  o f g Q. A l l  c a lc u la tio n s  use 
2 -D im e n s io n a l c a rr ie r  d ens ities , w h ic h  a re  essen tia lly  w e ll-w id th  in d e p e n d e n t.
T h e  resu lts  o f L u i e t  a l . , [83 ,8 4 ], using  a  M o n te -C a r lo  m e th o d , show  th a t  th e  A u g e r  
re c o m b in a tio n  c u rre n t d e n s ity  shows a  sub cubic  lie/! d epen d en ce  even  fo r  an  u n ­
s tra in e d  laser w h ic h  m oves to w ard s  a  q u a d ra t ic  d epen d en ce  w ith  in c reas in g  co m ­
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pressive s tra in . O n e  o f th e  reasons fo r th is  d e v ia tio n  fro m  th e  cubic  d ependence  
w as th o u g h t to  b e  d u e  to  th e  fa c t th a t  th e  q u as i-re ru n  le v e l is s itu a te d  in  th e  
valen ce  b a n d  a t th re s h o ld  le a d in g  to  th e  b re a k d o w n  o f  th e  B o ltz m a n n  s ta tis tic s . 
In  th e  te n s ile -s tra in e d  lasers, d iscussed h ere , th e  q u a s i-fe rm i le v e l a t c a rr ie r  d en ­
s ities a ro u n d  th re s h o ld  is a t  leas t 3 0 m e V  ab ove  th e  b a n d -e d g e , w h ic h  is h ig h ly  
n o n -d e g e n e ra te , a n d  th e re fo re  a p p ro x im a te ly  w ith in  th e  B o ltz m a n n  re g im e .
I f  th e  v a lu e  o f x  is assum ed to  b e  close to  3, th e n  e q u a tio n  6 .5 .9  can  b e  r e -w r it te n  
assum ing  x ~ 3  in  o rd e r to  co m p are  th e  values o f [30 f r o m  e x p e r im e n t, w i th  th e o re t­
ic a l p a ra m e te rs :
3 I n  (  L )
P o  «   y -  (6 .5 .1 0 )
9o 1
T h e  a s s u m p tio n , x  &  3 , is re a s o n a b ly  v a lid  fo r m ost s tra in s  excep t a t -0 .5 3 %  a n d  
-0 .7 9 %  w h e re  tren d s  seem  to  suggest th a t  x  is la rg e r . T h is  can  b e  e x p la in e d  b y  th e  
presence o f s ig n ific a n t c a rr ie r  d e n s ity  d ep en d en t o p t ic a l losses th o u g h t to  b e  d ue  
to  in te rv a le n c e  b a n d  a b s o rp tio n  ( I V B A ) ,  discussed m o re  fu lly  la te r  in  th is  c h a p te r . 
T h e re fo re , th e  -0 .5 3 %  an d  -0 .7 9 %  s tra in s  w il l  n o t b e  co m p ared  in  th e  fo llo w in g  
analys is .
T a b le  6 .4  shows t l ie  p a ra m e te rs  o b ta in e d  b y  th e o ry  fo r  th e  te n s ile -s tra in e d  lasers , 
a long  w ith  th e  e x p e r im e n ta lly  d e riv e d  values o f /30 fo r  co m p ariso n . T h e  va lues  o f  
g Q, a n d  iq ,.(n o t sh ow n  in  ta b le  6 .4 ) , w ere  o b ta in e d  b y  f i t t in g  to  th e  th e o re tic a l p e a k  
g a in  versus 2 -D  c a rr ie r  d en s ity , a ll h a d  n eg lig ab le  f i t t in g  e rro rs .
P o la r is a tio n S tra in
(% )
T  ( /w e l l )  
(x lO - 2 )
9o
(c m - 1 )
l n ( s ) /30 ( /w e l l )  
(c m )
T E 0 .0 1 .41 1714 1 .242 0 .140
T E -0 .2 8 1 .45 1678 1 .239 0.141
T M -0 .9 7 1 .39 3277 1 .2 3 6 0 .091
T M -1 .1 2 1 .40 3501 1 .2 3 6 0 .0 8 0
T M -1 .2 9 1.41 3749 1 .2 3 5 0 .0 8 0
T a b le  6 .4 : P a ra m e te rs  o b ta in e d  fro m  th e  th e o re tic a l an a lys is  o f  th e  te n s ile -s tra in e d  
lasers , a lo n g  w ith  th e  e x p e r im e n ta l va lues o f (30 fo r co m p ariso n .
F ro m  e q u a tio n  6 .5 .1 0  an d  ta b le  6 .4 , i t  can  b e  seen th a t  th e  decrease in  th e  e x ­
p e r im e n ta l v a lu e  o f /30 w ith  ten s ile  s tra in  can  b e  a t t r ib u te d  a lm o s t e n t ire ly  to  th e
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increase  o f th e  d iffe re n tia l g a in  co effic ien t, g Q. T h e  w e ll w id th ,  a n d  hence V  are  
re m a in in g  a p p ro x im a te ly  c o n s tan t as is th e  facet loss, l n ^ ) .
E q u a tio n s  6 .5 .8  a n d  6 .5 .1  g ive  th e  fo llo w in g  expression ,
J 0 =  N w C 0n xtr  e x p  (6 .5 .1 1 )
A s s u m in g , a g a in , th a t  x ra3  a n d  using th e  th e o re tic a l values o f  n (r , an  e s tim a te  o f  
th e  c a rr ie r  d e n s ity  in d e p e n d e n t 2 D  A u g e r co effic ien t, C 2D can  b e  c a lc u la te d , using:
s~i2D _ G  _  _ _ _ _ _ _ G _ _ _ _ _ _  (f\
e ( W r ^ p f e ) )  ’
w h e re  e is th e  e lc tro n ic  charge.
T a b le  6 .5  show s th e  c a lc u la te d  values o f C 2D  versus tens ile  s tra in  a lo n g  w ith  th e  
e x p e r im e n ta l va lues  o f J 0 fo r co m p ariso n . A  s tra in  in d e p e n d e n t in te r n a l loss, a ,  o f  
1 0 c m -1  is used based on m easu rem en ts  in  c o m p a ra b le  s tru c tu re s  a t 1 .6 %  ten s ile  
s tra in [8 2 ]. H e n c e , fo r a  c o n s tan t va lu e  o f  a  w ith  te n s ile  s tra in , J Q can  b e  considered  
to  re p resen t th e  tra n s p a re n c y  c u rre n t density .
S tra in
(% )
J o
( A /c m 2)
a
(c m - 1 )
n tr
( x l 0 12c m - 2 )
C 2 U  ( /w e l l )  
( x l 0 -1 6 c m 4s- 1 )
0 .0 666 10 1.66 1 .6 7
-0 .2 8 713 10 1.89 1 .21
-0 .9 7 584 10 2.03 0 .9 2
-1 .1 2 584 10 2 .07 0 .8 8
-1 .2 9 517 10 2.11 0 .7 5
T a b le  6 .5 : P a ra m e te rs  used and  resu lts  fo r th e  th e o re tic a l ana lys is  o f th e  v a r i­
a t io n  o f  J Q in  th e  te n s ile -s tra in e d  lasers , a long w ith  th e  e x p e r im e n ta l va lues fo r  
co m p ariso n .
A  decrease by, a p p ro x im a te ly , a fa c to r  o f 2 is o bserved  b e tw e e n  C 2 D  in  th e  u n ­
s tra in e d  d ev ice  a n d  th e  > 1 %  te n s ile -s tra in e d  devices. T h e  n u m e ric a l v a lu e  o f C 2D  
is o f th e  sam e o rd e r o f m a g n itu d e  as e x p e r im e n ta l resu lts  [2 5 ,2 6 ]. O u r  re su lts  show  
a  decrease o f C 2 D  w ith  in creas in g  ten s ile  s tra in  (in c re a s in g  g a ll iu m  c o n te n t in  th e  
w e lls ) , w h ic h  w i l l  b e  discussed la te r  in  th is  c h a p te r.
I t  can  also b e  seen in  ta b le  6 .5  th a t  th e  2 -D  tra n s p a re n c y  c a rr ie r  d e n s ity  is in ­
creas ing  w ith  in c reas in g  ten s ile  s tra in . T h is  is in i t ia l ly  s u rp ris in g  since a  re d u c tio n
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in  th e  u p p e r va len ce  b a n d  m ass sh ou ld  lead  to  a re d u c tio n  in  th e  tra n s p a re n c y  
c a rr ie r  dens ity . H o w e v e r, th e re  a re  o th e r  fac to rs  ch an g in g  w h ic h  h a v e  n o t been  
discussed, n a m e ly  th e  in flu e n c e  o f  th e  co n d u c tio n  b a n d  offset le a d in g  to  v a ry in g  
ra te s  o f e le c tro n  s p illo v e r fro m  th e  w ells  in to  th e  b a rr ie rs . T h is  w il l  b e  discussed  
m o re  fu lly  la te r  in  th is  c h a p te r. I t  is in te re s tin g  to  n o te  th a t  a lth o u g h  th e  tra n s ­
p a re n c y  c a rr ie r  d e n s ity  increases m o n o n to n ic a lly  w ith  in c re a s in g  ten s ile  s tra in  th e  
tra n s p a re n c y  c u rre n t d e n s ity  p eaks  a t  -0 ,2 8 %  an d  th e n  decreases w i th  in c reas in g  
ten s ile  s tra in .
In  th e  n e x t section  th e  sam e an a lys is  is a p p lie d  to  1 .1 %  c o m p re s s iv e ly -s tra in e d  
devices w ith  d iffe rin g  w e ll n u m b e rs . F o llo w in g  th is , a  co m p a ris o n  is m a d e  b e tw e e n  
th e  b e h a v io u r  o f com press ive , te n s ile  a n d  u n s tra in e d  devices a n d  a p p ro p r ia te  con­
clusions d ra w n .
6 . 6  1 . 1 %  C o m p r e s s i v e l y - S t r a i n e d  L a s e r s
In  th is  section , th e  ab o ve  ana lys is  is a p p lie d  to  a  series o f c o m p re s s iv e ly -s tra in e d  
q u a n tu m  w e ll lasers , each  g ro w n  a t 1 .1 %  s tra in  b u t  w i th  3 , 6 and  9 w e lls  respec­
t iv e ly  [75]. T h e  devices w ere  s tra in  co m p en sa ted  -Zno.69G ao .31 A s  (1 .1 %  com pression  
2 l A )  w ells  a n d  Ir io .69G a o .31 A s o ^ P q^ s (0 *1 7 %  ten s io n  134 .A ) b a rrie rs . T h e  devices  
w ere  fa b r ic a te d  in to  5 4 / im  o x id e -d e fin e d  s tr ip e  lasers a n d  c a v ity  len g th s  b e tw e e n  
2 0 0 /m i a n d  2 0 0 0 /m i a n d  a ll lased  in  th e  T E  m o d e , as e x p e c te d . F ig . 6 .7  shows th e  
th re s h o ld  c u rre n t d e n s ity  versus re c ip ro c a l c a v ity  le n g th  fo r  these devices[75].
T h e  resu lts  fro m  these p lo ts  a re  s u m m a ris e d  in  ta b le  6 .6 . T h e  res u lts  f ro m  a  
th e o re tic a l analysis  based 011 th e  m e th o d  describ ed  in  sec tion  6 .5 .2 , a re  show n  in  
ta b le  6 .7 .
S tra in N o . o f P o  ( /w e l l ) J o
(% ) W e lls (c m ) ( A /c m ~ 2)
+ 1 .1 % 3 0 .1 4 8 333
+ 1 .1 % 6 0 .1 5 5 500
+ 1 .1 % 9 0 .1 5 5 689
T a b le  6 .6 : E x p e r im e n ta l p a ra m e te rs  o b ta in e d  fr o m  th e  c a v ity  le n g th  d ependence  
o f th e  th re s h o ld  c u rre n t d e n s ity  o f 1 .1 %  c o m p re s s iv e ly -s tra in e d  devices.
I t  is in te re s tin g  to  n o te  th a t  th e  values o f x  a rr iv e d  a t in  these resu lts  a re  v e ry
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F ig u re  6 .7 : T h re s h o ld  c u rre n t d en s ity  versus re c ip ro c a l c a v ity  le n g th  fo r  1 .1 %  
c o m p re s s iv e ly -s tra in e d  lasers w ith  3 ( t r ia n g le ) , 6 (d ia m o n d ) a n d  9 (c irc le ) q u a n tu m  
w ells .
N o . o f  
W e lls
X a 9 a
(c m - 1 )
r ( / w e l l )
( x lO - 3 )
h i ( A) n tr
( x l 0 12c m - 2 )
C 2D( / w e l l )  
( x lO -1 6 c m 4s- 1 )
3 2 .9 14 6826 3.33 1 .227 1 .09 2 .9 0
6 3 .0 14 6826 3.33 1 .225 1 .09 2 .9 5
9 2 .9 14 6826 3 .33 1 .224 1 .09 3 .00
T a b le  6 .7: T h e o re t ic a l p a ra m e te rs  o b ta in e d  fro m  an  ana lys is  th e  resu lts  in  ta b le  
6 .6 , fo r  1 .1 %  c o m p re s s iv e ly -s tra in e d  lasers.
close to  3 , fo r a ll devices, im p ly in g  a g a in  th e  d o m in a n c e  o f th e  A u g e r  c u rre n t in  
these devices.
T h e  A u g e r c o e ffic ien t, C 2D  w as also e s tim a te d  us ing  th e  analysis  o f sec tion  6 .5 .3 , 
show n in  ta b le  6 .7 , a n d  values o f a  m easu red  by B rig g s  e t  aA ,[75] o f a  ~  1 4 c m -1  
w h ic h  w as in d e p e n d e n t o f t l ie  n u m b e r o f w ells . T l ie  values o f C 2D  a re  o b served  to  
b e  in d e p e n d e n t o f th e  n u m b e r o f w ells  w ith in  t l ie  e rro rs  o f o u r an a lys is . T h is  is 
e x p e c te d  g iven  th a t  C 2D  is essen tia lly  a  m a te r ia l p a ra m e te r .
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6 . 7  C o m p a r i n g  t h e  E f f e c t  o f  C o m p r e s s i v e  a n d  
T e n s i l e  S t r a i n
F ro m  th e  ab ove  resu lts  i t  is possib le to  d ra w  conclusions as to  th e  m a in  effects con­
t r ib u t in g  to  th e  im p ro v e d  p e rfo rm a n c e  observed  in  b o th  te n s ile  a n d  c o m p ress ive ly - 
s tra in e d  lasers.
6.7.1 T h e  experim enta l values o f f30
F ro m  e q u a tio n  6 .5 .1 0 , i t  can  be seen th a t  (30 is in v e rs e ly  p ro p o r t io n a l to  th e  p ro d u c t  
o f g 0 a n d  I \  I n  th e  fa c e t loss, changes v e ry  l i t t le  b e tw e e n  devices a n d  is n o t 
th e re fo re  considered  to  affect th e  d iffe ren ce  b e tw e e n  th e  o bserved  values  o f j30 . 
T h e  change in  th e  e x p e r im e n ta l va lues  o f  (30 w ith  s tra in  can  b e  c o m p a re d  to  th e  
th e o re tic a l vau les o f 1 / <70I \  w h e re  T  and  (30 a re  p e r w e ll in  o rd e r to  c o m p a re  b e tw e e n  
devices o f d iffe r in g  w e ll n u m b e r. F ig . 6 .8  shows th e  co m p a ris o n  b y  n o rm a lis in g  
th e  e x p e r im e n ta l an d  th e o re tic a l cu rves , a t th e  u n s tra in e d  values .
G o o d  ag reem en t is seen in  F ig . 6 .8 , b e tw e e n  th e  th e o re tic a lly  p re d ic te d  ch ange, 
based  on th e  change o f 1 /<70I \  a n d  th e  e x p e r im e n ta l v a lu e  o f (3Q fo r  b o th  com press ive  
a n d  tens ile  s tra in . S evera l im p o r ta n t  p o in ts  are e m p h a s ize d , b e lo w , co n cern in g  th is  
b e h a v io u r:
(1 )  T h e  e x p e r im e n ta l values o f (30 a re  la rg e r fo r th e  c o m p re s s iv e ly -s tra in e d  
lasers th a n  th e  te n s ile -s tra in e d  devices.
(2 )  T h e  th e o re tic a l m o d e l es tab lish ed  in  section  6 .5 .2 , p re d ic ts  a  th re s h o ld  
c u rre n t d e n s ity  w h ich  is com posed  m a in ly  o f A u g e r re c o m b in a tio n  c u rre n t, since  
x  3.
(3 )  U s in g  th e  a s s u m p tio n  x  ~  3 , i t  can  be seen th a t  th e  change in  th e  ex ­
p e r im e n ta lly  m easu red  values o f j30, th e  c a v ity  le n g th  d epen d en ce  o f th e  th re s h o ld  
c u rre n t d en s ity , is due a lm o s t e n tire ly  to  th e  change in  th e  d if fe re n tia l g a in  coeffi­
c ie n t, g Q, a n d  th e  o p tic a l co n fin em en t fa c to r , T .
(4 )  H a v in g  d e m o n s tra te d  th e  d o m in a n c e  o f T  a n d  g Q, i t  can  be seen th e n  
th a t  th e  im p ro v e d  p e rfo rm a n c e  o f lasers w ith  in c reas in g  te n s ile  s tra in  is d u e  to  th e  
increase  in  g Q over an  u n s tra in e d  d ev ice , w h e re  T  re m a in s  a p p ro x im a te ly  c o n s ta n t. 
In  th e  co m p re s s iv e ly -s tra in e d  devices considered , th e  re d u c tio n  in  th e  o p t ic a l con­
85
Chapter 6 The Threshold Current of Strained Quantum Well Lasers
9—♦ Experiment:
□— □ Theory : l/(Pgn)
T e n s i l e  S t r a i n  ( % )  C o m p r e s s i v e
F ig u re  6 .8 : C o m p a ris o n  b e tw een  th e  change i l l  e x p e r im e n ta l v a lu e  o f (30 w ith  s tra in  
a n d  th e  th e o re tic a l v a lu e  o f 1 /  g 0T .
f in e m e n t fa c to r , due to  a  re d u c tio n  in  w e ll-w id th  causes an  increase  in  th e  v a lu e  o f  
(do, w h ic h  is offset b y  a  la rg e  increase  in  th e  d iffe re n tia l g a in  c o e ffic ien t, g 0 .
(5 )  F ro m  th e  ab ove  p o in ts  i t  can  b e  seen th a t  a  tra d e -o f f  exists b e tw e e n  
th e  values o f T  a n d  g Q. C o m p a r in g  devices a t 1 .1 %  com press ive  a n d  1 .1 %  tens ile  
s tra in , th e  fa c to r  o f 4  increase  in  T  u n d e r tens ile  s tra in  is m o re  th a n  en ou g h  to  
offset th e  d iffe ren ce  in  g Q, w h ic h  is tw ic e  as la rg e  u n d e r com pression . T h is  leads to  
a n  o v e ra ll re d u c tio n  in  j30 b y  a  fa c to r  o f 2 , fo r th e  te n s ile -s tra in e d  la s e r, o ver th e  
c o m p re s s iv e ly -s tra in e d  device.
6.7.2 T h e  A u g e r  Coefficient C 2D
J Q is th e  th re s h o ld  c u rre n t d en s ity  th a t  w o u ld  b e  o bserved  fo r  an  in f in ite  c a v ity  
le n g th  a n d  is rep resen ted  b y  e q u a tio n  6 .5 .1 1 . A ssu m in g  a: ra 3 , th e  va lues  o f  C 2 D , 
th e  c a rr ie r  d e n s ity  in d e p e n d e n t A u g e r co effic ien t, w as c a lc u la te d . F ig . 6 .9  shows
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th e  c a lc u la te d  values o f C 2D  p e r  w e ll fo r a ll devices.
T e n s ile  S tra in  (% )  C o m p re s s iv e  
F ig u re  6 .9: T h e  2 D  A u g e r coeffic ien t C 2D  versus ten s ile  a n d  com pressive s tra in .
T h e  resu lts  show a decrease in  th e  A u g e r coeffic ien t w ith  ten s ile  s tra in  a n d  an  
increase  w ith  com pressive s tra in . As discussed p re v io u s ly , la rg e  u n c e rta in tie s  ex is t 
in  th e  th e o re tic a l m o d e l, p a r t ic u la r ly  in  t l ie  values o f g Q a n d  n tv , w h ic h  m a y  b e  in  
e rro r  b y  as m u c h  as 1 0 % . H o w e v e r, the  tren d s  an d  th e  o rd e r o f m a g n itu d e  o f C 2D  
are  s t ill use fu l p a ra m e te rs  g a in ed  by th is  an la lys is .
M u c h  w o rk  has been  co nd u cted  b y  L u i e t  a /., [7 6 ,83 ,84 ] a n d  L o e h r  a n d  S in g h  [61] 
using  th e o re tic a l ca lc u la tio n s  o f th e  A u g e r C H S H  re c o m b in a tio n  c u rre n t in  1 . 5 p m  
lasers as a  fu n c tio n  o f com pressive s tra in . These  resu lts  can  b e  s u m m a ris e d  :
(1 )  A n  increase  in  th e  A u g e r  re c o m b in a tio n  co effic ien t is c a lc u la te d [6 1 ] as th e  
in d iu m  c o n te n t is in creased  in  I n G a A s  Q W  s tru c tu re s . T h e  in crease  o f th e  In  con­
te n t ,  a lth o u g h  im p ro v in g  t l ie  b a n d  s tru c tu re  w ith  th e  onset o f com pressive s tra in ,  
also increases th e  d ifference  b e tw een  th e  s p in -s p lit-o ff e n erg y  a n d  th e  b a n d -g a p  
energy . T h e  resu lts  observed  in  F ig . 6 .9 , agree q u a lita t iv e ly  w i th  these re s u lts , i.e .  
a n  in c reas in g  A u g e r coeffic ien t w ith  in creas in g  com press ive  s tra in . T h e  n u m e ric a l 
values  a re  also o f th e  sam e o rd e r o f m a g n itu d e .
(2 )  T h e  A u g e r  c u rre n t in  th e  analys is  o f L o e h r a n d  S in g h [6 1 ], decreases u p
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to  a n  In  co n te n t o f 0 .7 , a fte r  w h ich  i t  th e n  increases. T h is  is due to  th e  in i t ia l  
re d u c tio n  in  th e  th re s h o ld  c a rr ie r  d e n s ity  g iv in g  an  o v e ra ll re d u c tio n  in  th e  A u g e r  
c u rre n t m a in ly  due to  changes in  th e  valence b a n d  e ffe c tiv e  m ass. A f te r  th is  
h o w e v e r, th e  va len ce  mass effects te n d  to  s a tu ra te  a n d  th e  A u g e r  coefficent in crease , 
d escrib ed  in  (1 ) ,  th e n  d o m in a te s .
(3 )  T h e  th re s h o ld  c u rre n t in  these devices is c a lc u la te d  to  be co m posed  o f a t  
le a s t 9 0 %  A u g e r  re c o m b in a tio n  c u rre n t. T h e  p ro p o rt io n  o f A u g e r  c u rre n t is seen to  
in crease  as th e  in d iu m  co n te n t is red u ced  i.e . as th e  w ells  b eco m e te n s ile -s tra in e d .
(4 )  T h e  resu lts  in  ( l ) - ( 3 )  use th e  assu m p tio n  th a t  th e  A u g e r co effic ien t is 
c a rr ie r  d e n s ity  in d e p e n d e n t an d  th a t  th e  th resh o ld  c u rre n t d e n s ity , J th — C n 3h , la w  
holds  tru e  a t th e  c a rr ie r  densities  s tu d ie d . T h e  resu lts  o f L u i e t  a l .  [8 3 ,8 4 ], show  
th a t  th e  A u g e r re c o m b in a tio n  c u rre n t d e n s ity  has a  sub cu b ic  n </, d epen d en ce  even  
fo r  th e  u n s tra in e d  laser w h ic h  ra p id ly  m oves to w ard s  a  q u a d ra t ic  d epen d en ce  w ith  
in c reas in g  com pressive s tra in . T h e  re s u lta n t v a lu e  o f x  o b ta in e d  fro m  o u r  an a lys is , 
show n in  F ig . 6 .6 , fo r  th e  u n s tra in e d  laser agrees w e ll w ith  th e  sub nf,, resu lts  o f  
[8 3 ,8 4 ], a lth o u g h  th is  is n o t th e  case fo r th e  com pressive devices. F u r th e rm o re ,  
n o  c a lc u la tio n  b y  th e  ab ove  au th o rs  h ave  been  p e rfo rm e d , to  m y  k n o w le d g e , fo r  
devices u n d e r tens ile  s tra in .
T h e  e x p e r im e n ta l resu lts  o f Fuchs e t  a l .  [26], using tim e -re s o lv e d  p h o to lu m in e s c e n c e  
( T R P L ) ,  show  an  a p p ro x im a te ly  co n s tan t C 2D  w ith  s tra in . T h e y  a t t r ib u te  th is  
c o n s tan t A u g e r coeffic ien t to  th e  fac t th a t  th e  A u g e r process is p h o n o n -ass is ted  
a n d  th e re fo re  less b a n d  s tru c tu re  sensitive  th a n  th e  d ire c t process. O th e r  resu lts , 
us in g  T R P L  m a d e  b y  W a n g  e t  a l . , [27 ], how ever, observe a  la rg e  decrease w ith  
com pressive s tra in  a n d  a  sm a lle r decrease fo r tens ile  s tra in . T h e  n u m e ric a l va lues  
o b ta in e d  fo r  C 2 D  b y  W a n g  e t  a l .  [27], a re  also a b o u t an  o rd e r o f m a g n itu d e  less 
th a n  o u r resu lts  an d  those o f H ausser e t  a l  [25], a n d  Fuchs e t  a l [ 26 ]. E x p e r im e n ta l  
resu lts  b y  Z o u  e t  a l . , using  th e  d iffe re n tia l c a rr ie r  l i fe t im e  te c h n iq u e , also d isagree  
n u m e ric a lly  w i th  th e  ab ove resu lts  an d  show a  decrease in  th e  3 D  A u g e r co effic ien t  
w ith  com pressive s tra in . O u r  resu lts  seem  to  in d ic a te  a s tro n g  s tra in  s e n s it iv ity  o f  
th e  A u g e r  c o e ffic ien t, p e rh ap s  in d ic a t in g  th e  prescence o f a  d ire c t A u g e r  process. 
A t  th is  s tage , h o w ever, th e re  a re  too  m a n y  u n c e rta in tie s  in  o u r  ana lys is  fo r  s tro n g  
conclusions to  b e  d ra w n . T h e  above discussion is also c o m p lic a te d  b y  th e  use o f  
d iffe r in g  co m p os ition s  an d  w e ll-w id th s  b e tw een  d iffe re n t e x p e r im e n ta l re s u lts .
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6.7.3 T h e  Effect o f In tervalence B an d  A b so rp t io n  ( I V B A )
T h e  increase  in  th e  v a lu e  o f x  a t ten s ile  s tra in s  o f -0 .5 3 %  a n d  -0 .7 9 % , a t  p re s e n t, 
can n o t b e  a d e q u a te ly  e x p la in e d  b y  th e  ro le  o f th e  A u g e r c u rre n t a lo n e , o r in d eeed  
s im p ly  b y  e rrors  in  th e  ana lys is . H o w e v e r, th e re  m a y  be o th e r  m ech an ism s resp o n ­
s ib le  fo r  th is  b e h a v io u r . O n e  p la u s ib le  effect th a t  m a y  a cco u n t fo r th is  b e h a v io u r  
is th e  prescence o f an  o p tic a l loss, th ro u g h  a:, w h ich  lias som e d epen d en ce on  th e  
c a rr ie r  d ensity . E q u a tio n  6 .5 .8  was used to  ca lc u la te  th e  v a lu e  o f x  assum ing  th a t  
a  w as c o n s ta n t w ith  c a v ity  le n g th . H o w e v e r, i f  I V B A  w e re  p resen t th e n  a  w o u ld  
have  a  c a v ity  le n g th  d epen d en ce because o f its  n t,h dependence.
In te rv a le n c e  b a n d  a b s o rp tio n  ( I V B A )  has lo n g  been  a  p ro b le m  in  b u lk  d o u b le  
h e te ro s tru c tu re  lasers o p e ra tin g  a ro u n d  1 .5 /xn i. H o w e v e r, e x p e r im e n ta l resu lts  us­
in g  h y d ro s ta tic  p ressure m e a s u re m e n ts [85,86] an d  a m p lif ie d  sp on taneous em ission  
m e a s u re m e n ts [87] suggest th a t  devices w ith  co m p re s s iv e ly -s tra in e d  q u a n tu m  w ells  
show th e  v ir tu a l  e lim in a t io n  o f in te rv a le n c e  b a n d  a b s o rp tio n  as a  s ig n ific a n t loss 
m e c h a n is m . T h e  reasons g iven  fo r th is  w ere  due to  th e  changes in  th e  valence  b a n d  
s tru c tu re , g re a tly  red u c in g  th e  p ro b a b ility  o f IV B A  due to  a  decreasing  u p p e r  va ­
lence  b a n d  m ass.
I t  w as also show n[87] th a t  I V B A  was s till p resen t in  u n s tra in e d  s tru c tu re s  a n d  
h a d  a  l in e a r  v a r ia t io n  o f th e  o p tic a l loss, a ,  w ith  c a rr ie r  dens ity . F o llo w in g  th is  
an a lys is , i t  w o u ld  be exp e c te d  th a t  due to  th e  h e a v ie r (a n d  so m etim es n e g a tiv e )  
valence  d isp ers ion  observed  in  th e  m o d e ra te ly  te n s ile -s tra in e d  s tru c tu re s  s tu d ie d  
th a t  I V B A  shou ld  s till be  p resen t. I f  th e  IV B A  loss is assum ed to  b e  lin e a r  w ith  
c a rr ie r  d e n s ity  as was seen in  th e  u n s tra in e d  devices th e n  th e  values o f x  can  
b e  a d ju s te d  b y  v a ry in g  th e  IV B A  co e ffic ien t, th ro u g h  a  in  e q u a tio n  6 .5 .8  to  g ive  
a n  A u g e r th re s h o ld  c u rre n t w h ic h  w as closer to  n f h, o r in d e e d  a n y  d epen d en ce. 
C e r ta in ly  fro m  th e  v a r ia t io n  o f th e  u p p e r  va lence b a n d  m ass in  th e  te n s ile -s tra in e d  
devices i t  is e v id e n t th a t  I V B A  w o u ld  b e  strongest in  th e  devices w h e re  x  is 
observed  to  b e  h ig h es t.
I t  is u n reaso n ab le  to  t r y  an d  f i t  IV B A  to  a  c a rr ie r  d en s ity  dependence o f th e  th re s h ­
o ld  c u rre n t d e n s ity  i f  th e re  is no e x p e r im e n ta l m e a s u re m e n t o f th e  values o f a  o r  
ev id en ce  to  show  th a t  I V B A  is p resen t in  these devices. R e c e n t p re lim in a ry  w o rk  
has b een  co n d u c ted  a t S u rre y  lo o k in g  a t th e  v a r ia t io n  o f th e  th re s h o ld  c u rre n t d en ­
s ity  a n d  e x te rn a l e ffic ien cy  o f th e  te n s ile -s tra in e d  series o f lase r devices a n a lysed  in
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th is  c h a p te r , as a  fu n c tio n  o f te m p e ra tu re , c a v ity  le n g th  a n d  using  u n ia x ia l stress. 
T h e  resu lts  in d e e d  in d ic a te  th e  presence o f a  te m p e ra tu re  d e p e n d e n t o p t ic a l loss 
th o u g h t to  b e  IV B A .  H y d ro s ta tic  pressure m eas u rm e n ts  a re  also b e in g  co n d u c te d  
a t  S u rre y  on  these devices to  lo o k  a t th is  loss m ech an ism .
6.7.4 C a rr ie r  Spillover Effects
I n  o rd e r to  increase  th e  ten s ile  s tra in  in  th e  q u a n tu m  w ells  o f th e  te n s ile -s tra in e d  
devices i t  is necessary to  decrease th e  in d iu m  c o n ten t o f th e  In G a A s  w e ll m a te r ia l.  
T h e re  a re  c o m p o s itio n a l effects th a t  have  n o t been considered  so fa r , because th e y  
are  n o t d ire c t ly  co nn ected  w ith  changes in  the valence  b a n d  s tru c tu re . S ince th e  
c o m p o s itio n  a n d  w id th  o f th e  b a rr ie r  m a te r ia l is re m a in in g  n o m in a lly  co n s ta n t 
in  these devices th e re  w il l  b e  a  v a r ia t io n  in  the  c o n d u c tio n  b a n d  offset b e tw e e n  
th e  w e ll a n d  b a rr ie r . F ig , 6 .1 0  shows the  v a r ia t io n  in  th e  s e p a ra tio n  b e tw e e n  th e  
f irs t c o n d u c tio n  s ta te  E l  an d  th e  b a rr ie r  co n d u c tio n  b a n d -e d g e , fo r  a ll  th e  devices  
p re v io u s ly  s tu d ie d .
T e n s i l e  S t r a i n  ( % )  C o m p r e s s i v e  
F ig u re  6 .10 : V a r ia t io n  o f co n d u c tio n  b a n d  offset w i th  s tra in .
90
Chapter 6 The Threshold Current of Strained Quantum Well Lasers
T h e  re la t iv e ly  s m a ll c o n d u c tio n  b a n d  offset in  these devices encourages e le c tro n  
s p illo v e r to  th e  b a rrie rs  to  o ccur. T h is  e ffect w ill  w o u ld  te n d  to  s ig n if ic a n tly  red u ce  
th e  e le c tro n -h o le  o v e rla p  b e tw e e n  th e  c o n d u c tio n  an d  v a le n c e  w a v e fu n c tio n s  i f  i t  
w e re  n o t fo r  th e  fa c t th a t  th e  holes a re  s t i l l  v e ry  s tro n g ly  c o n fin e d [70]. T h e  s tron g  
c o n fin e m e n t o f th e  holes creates  an  e le c tro s ta tic  fie ld  p u llin g  th e  e lec tro ns  b a c k  in to  
th e  w e ll re g io n . T h is  e lc tro s ta tic  co n fin e m e n t causes th e  d e p th  o f th e  c o n d u c tio n  
w e ll to  d eepen  a n d  th u s  th e  e lectrons a re  b e tte r  confined .
T h e  c o m p u te r  p ro g ra m s  d escrib ed  in  c h a p te r  5 solve th e  Poisson  e q u a tio n  to  m a in ­
ta in  ch arge  n e u t r a li ty  in  th e  w e l l /b a r r ie r  s tru c tu re  a n d  ta k e  in to  acco un t th e  elec­
tro s ta t ic  effects o f p o o r e le c tro n  c o n fin e m e n t. I t  can  b e  seen th a t  a t  b o th  h ig h  
te n s ile  a n d  com pressive s tra in s  th e  e lc tro ns  are  p o o r ly  co n fin ed , fo r la rg e ly  d iffe r­
e n t reasons:
(a )  A t  h ig h  ten s ile  s tra in  (a n d  hence g a lliu m  c o n te n t) a n d  fo r a  f ix e d  b a r r ie r  
c o m p o s itio n , th e  co n d u c tio n  b a n d  offset b e tw een  th e  w e ll a n d  b a rrie rs  decreases, 
th u s  re d u c in g  th e  e le c tro n  co n fin em en t.
(b )  In  th e  c o m p re s s v ie ly -s tra in e d  devices, s tu d ie d  h ere , th e  w e ll-w id th s  w ere  
v e ry  n a rro w  (2 1 A )  an d  hence th e  e lectrons h a d  la rg e  c o n fin e m e n t energ ies. T h e re ­
fo re , a lth o u g h  th e  co n d u c tio n  b a n d  offsets w ere  m u c h  la rg e r  th a t  in  th e  ten s ile - 
s tra in e d  devices th e  e ffec tive  e le c tro n  co n fin in g  b a r r ie r  w as ro u g h ly  th e  sam e, as 
show n in  F ig . 6 .1 0 .
O n e  consequence o f e le c tro n  sp illo ver is to  o v e re s tim a te  th e  e ffe c tiv e  c a rr ie r  d e n s ity  
a b le  to  ta k e  p a r t  in  th e  ra d ia t iv e  g a in  a n d  n o n -ra d ia t iv e  A u g e r  processes. C h a rg e  
n e u t r a li ty  s till ex ists  in  th e  s tru c tu re  even th o u g h  tlie  n u m b e r  o f holes in  th e  
w ells  do n o t e q u a l th e  n u m b e r o f e lec tro ns , d ue  to  s p illo v e r in to  th e  b a rr ie rs . 
T h u s , th e  e ffec tive  e le c tro n  d e n s ity  in  th e  w e ll is lo w e r th a n  th e  h o le  d e n s ity  in  
th e  w e ll in  these devices a n d  th e  d ifference  b e tw e e n  these values w i l l  v a ry  w ith  
c o n d u c tio n  b a n d  c o n fin e m e n t, le a d in g  to  possib le sources o f  in a c c u ra c y  in  th e  
ana lys is  concern ing  th e  c a rr ie r  density .
6 . 8  S u m m a r y  a n d  F u t u r e  W o r k
U s in g  a  series o f laser devices g ro w n  a t a  n u m b e r o f te n s ile  s tra in s  u p  to  1 .3 %  
th e  m a te r ia l a n d  dev ice  p ro p e rtie s  h ave  been  s tu d ie d . P h o to v o lta g e  a n d  p h o to -
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lu m in escence  m e a s u re m e n ts  w e re  f i t te d  using  th e  th e o re tic a l m o d e l d escrib ed  in  
c h a p te r  5 . G o o d  a g re e m e n t w as observed  b e tw een  th e o ry  a n d  e x p e r im e n t , w ith  
th e  a s s u m p tio n  th a t  th e  a x ia l d e fo rm a tio n  p o te n t ia l is a b o u t 1 0 %  s m a lle r  th a n  
th a t  o b ta in e d  b y  c o m p o s itio n a l in te rp o la t io n .
U s in g  th e  d a ta  o b ta in e d  fro m  th e  th e o re tic a l f i t t in g , ab o ve , i t  w as possib le  to  a n a l­
yse p u b lis h e d  resu lts [73 ,75 ] o f th e  v a r ia t io n  o f th e  th re s h o ld  c u rre n t d e n s ity  w ith  
c a v ity  le n g th  fo r  a  v a r ie ty  o f s tra in e d  la y e r  lasers. U s in g  close c o m p a ris o n  b e tw e e n  
th e  th e o re tic a l m o d e l a n d  th e  p u b lis h e d  e x p e r im e n ta l resu lts  th e  fo llo w in g  co nc lu ­
sions can  b e  m a d e  co ncern in g  th e  fac to rs  c o n tr ib u tin g  to  th e  im p ro v e d  th re s h o ld  
c u rre n t o f s tra in e d  q u a n tu m  w e ll lasers:
(1 )  T h e  th re s h o ld  c u rre n t o f a ll devices s tu d ie d  was o b served  to  b e  d o m in a te d  
b y  A u g e r re c o m b in a tio n .
(2 )  D ev ices  g ro w n  w ith  la rg e  ten s ile  s tra in  ( r a l% )  show  red u ced  th re s h o ld  
c u rre n t densities  o ver e q u iv a le n t u n s tra in e d  devices, m a in ly  due to  a n  increase  
in  th e  d if fe re n tia l g a in  c o e ffic ien t, g Q. T h e  increase o f g Q leads to  a  decreased  
th re s h o ld  c a rr ie r  d en s ity . I t  is also observed  th a t  th e  c a rr ie r  d e n s ity  in d e p e n d e n t  
A u g e r  co effic ien t decreases w ith  in c reas in g  tensile  s tra in  a c o u n tin g  fo r  a  la rg e r  
re d u c tio n  in  th e  th re s h o ld  c u rre n t dens ity .
(3 )  C o m p re s s iv e ly -s tra in e d  lasers a re  im p ro v e d  over u n s tra in e d  devices th ro u g h  
a la rg e  in crease  in  g Q a n d  a decrease in  n t r . These  tw o  fac to rs  ensure lo w e r th re s h ­
o ld  c u rre n t densities  a n d  h ig h e r d iffe re n tia l g a in . H o w e v e r, these im p ro v e m e n ts  
are  s o m e w h a t d im in is h e d  b y  a  decreasing  o p tic a l c o n fin e m e n t fa c to r , T , d u e  to  a  
s m a lle r w e ll-w id th  a n d  an in c reas in g  A u g e r co effic ien t.
(4 )  T h e  n u m e ric a l va lues o f th e  A u g e r co e ffic ien t, C 2D, agree re a s o n a b ly  
w e ll w i th  som e e x p e r im e n ta lly  m easu red  v a lu es [25 ,26 ]. H o w e v e r, th e  tre n d s  w ith  
s tra in  are  d iffe re n t to  m e a s u rem en ts  b y  T R P L [2 6 ,2 7 ] ,  b u t a re  in  a g re e m e n t w ith  
th e o re tic a l c a lc u la tio n s [6 1 ].
(5 )  T h e  prescence o f th e  c a rr ie r  d e n s ity  d e p e n d e n t o p t ic a l loss, I V B A ,  in  
m o d e ra te ly  te n s ile -s tra in e d  lasers is a t t r ib u te d  to  d e v ia tio n s  fro m  th e  tra d it io n a l  
th re s h o ld  c u rre n t d e n s ity  v a r ia t io n  w ith  th resh o ld  c a rr ie r  d e n s ity .
(6 )  T h e  in i ta l ly  su rp ris in g  increase  in  th e  tra n s p a re n c y  c a rr ie r  d e n s ity  w ith  
in c reas in g  ten s ile  s tra in  is due  to  decreasing  e lec tro n  c o n fin e m e n t in  th e  c o n d u c tio n  
b a n d  le a d in g  to  in c re a s in g  e le c tro n  sp illo ver to  th e  b a r r ie r  reg ions .
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T h e re fo re  th e  b e h a v io u r o f th e  th re s h o ld  c u rre n t o f s tra in e d  q u a n tu m  w e ll lasers  
has b een  th e o re tic a lly  s tu d ie d  an d  c o m p a re d  w ith  e x p e r im e n ta l m e a s u re m e n ts . 
T h e  change o f th re s h o ld  c u rre n t w ith  s tra in  has b een  a t t r ib u te d  th e o re tic a lly  to  
th e  change o f severa l p a ra m e te rs , n a m e ly  th e  d iffe re n tia l g a in  c o e ffic ien t, o p t ic a l  
c o n fin e m e n t fa c to r , tra n s p a re n c y  c a rr ie r  dens ity  a n d  A u g e r re c o m b in a tio n  coeffi­
c ie n t.
T h e  change o f th e  o p tic a l loss, a ,  has n o t been  m easu red  fo r  th e  te n s ile -s tra in e d  
devices s tu d ie d  h ere , a n d  m a y  b e  ch ang ing  c o n s id erab ly  w ith  s tra in . I t  is possib le  
to  q u a n tify  a  b y  m e a s u re m e n t o f th e  e x te rn a l d iffe re n tia l q u a n tu m  e ffic ien cy  o f  
these  devices as a  fu n c tio n  o f th e  c a v ity  le n g th . T h e r fo re , to  e x te n d  th e  ana lys is  
discussed in  th is  c h a p te r  p ro p e r q u a n tif ic a tio n  o f a  is re q u ire d . A n  im p o r ta n t  
m e c h a n is m  w h ic h  m a y  be p resen t in  som e o f these s tru c tu re s  a n d  can  g re a tly  
in crease  a  is in te rv a le n c e  b a n d  a b s o rp tio n . A t  S urrey , e x p e r im e n ta l w o rk  is a lre a d y  
b e in g  u n d e rta k e n  to  s tu d y  th e  effects o f I V B A  in  u n s tra in e d  a n d  te n s ile -s tra in e d  
s tru c tu re s . T h e  v a r ia t io n  o f th e  th re s h o ld  c u rre n t d e n s ity  a n d  e x te rn a l e ffic ien cy  
o f o x id e -s tr ip e  an d  rid g e  w avegu ide  te n s ile -s tra in e d  devices is b e in g  s tu d ie d  as a  
fu n c tio n  c a v ity  le n g th , h y d ro s ta tic  p ressure, te m p e ra tu re  a n d , as w i l l  b e  discussed  
in  th e  n e x t c h a p te r , u n ia x ia l stress.
^
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C h a p t e r  ?  
U n i a x i a l  S t r e s s  o n  Q u a n t u m  W e l l  
L a s e r s
7 . 1  I n t r o d u c t i o n
I t  is possib le , us ing  u n ia x ia l stress, to  a lte r  the  s tra in  in  a  s e m ic o n d u c to r m a te r ia l  
o r d ev ice  w ith o u t  ch ang ing  th e  co m p o s itio n . T h is  c h a p te r  discusses th e  des ign , a n d  
use o f  a n ew  u n ia x ia l stress a p p a ra tu s  using  o pp osing  d ia m o n d s  in  a  c o n v e n tio n a l 
m in a tu re  d ia m o n d  a n v il cell. T h e  c h a p te r  begins w ith  an  in tr o d u c t io n  to  th e  
a p p lic a t io n  o f u n ia x ia l stress to  sem ico n d u cto r m a te r ia ls  a n d  devices, fo llo w e d  b y  a  
d e s c rip tio n  o f th e  e x p e r im e n ta l a p p a ra tu s  an d  p ro c e d u re . T h e  th e o re tic a l m o d e l is 
discussed a n d  e x te n d e d  fro m  th e  th e o ry  described  in  c h a p te r 5. F in a lly ,  p re lim in a r y  
resu lts  a re  show n o f th e  a p p lic a t io n  o f u n ia x ia l stress to  s tra in e d  a n d  u n s tra in e d  
q u a n tu m  w e ll lasers a n d  a p p ro p r ia te  conclusions a re  d ra w n . T h e  m o t iv a t io n  fo r  
th is  w o rk  w as d escribed  in  c h a p te r  5. H o w e v e r, as w ill  b e  d iscussed, i t  w as n o t  
possib le , us ing  th e  u n ia x ia l stress resu lts  p resen ted  in  th is  c h a p te r , to  fu l ly  e lu c id a te  
th e  effects o f s tra in  a lo n e  on th e  ra d ia t iv e  an d  n o n -ra d ia t iv e  p ro p e rtie s  o f  q u a n tu m  
w e ll lasers. H o w e v e r, w h a t th e  w o rk  in  th is  c h a p te r  does describ e  is th e  design , 
im p le m e n ta tio n  a n d  e a rly  e n c o u rag in g  resu lts  o f a  n ew  e x p e r im e n ta l sy s te m  to  
a p p ly  u n ia x ia l stress to  b o th  s em ico n d u c to r m a te r ia ls  a n d  la s e r devices.
U n ia x ia l stress is a  w e ll es tab lish ed  e x p e r im e n ta l te c h n iq u e  used  to  p ro b e  th e  b a n d -  
s tru c tu re  o f e le c tro n ic  an d  o p to -e le c tro n ic  m a te r ia ls . In  p a r t ic u la r ,  i t  has fo u n d  
m u ch  use in  th e  s tu d y  o f th e  s tru c tu re  o f th e  valence b a n d s [8 8 ,8 9 ,9 0 ,9 1 ,9 2 ,9 3 ,9 4 ,9 5 ]  
a n d  c o n d u c tio n  bands [96]. T h e  effect o f u n ia x ia l stress o n  th e  p e rfo rm a n c e  o f  
s e m ic o n d u c to r lasers has been  s tu d ied  b y  m a n y  w orkers  in  th e  p a s t. T h is  w o rk
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in c lu d e d  e x p e r im e n ta l s tud ies o f th e  effects o f stress on th e  p e rfo rm a n c e  o f d o u b le  
h e te ro s tru c tu re  In G a A s P / In P  b u lk  la s e rs [9 7 ,9 8 ,9 9 ,1 0 0 ,1 0 1 ,1 0 2 ,1 0 3 ,1 0 4 ]. In  these  
stu d ies , th e  effect o f stress 011 th e  p o la r is a tio n  s w itc h in g  a n d  d e g ra d a tio n  o f th e  
lasers w ere  p e rfo rm e d  u p to  stresses o f 2 k b a r . L a te r  w o rk [1 0 5 ] ach ieved  m a x im u m  
stresses o f 3 k b a r  us ing  b e n d in g  stresses. T h is  w as ach ieved  b y  p la c in g  a  la s e r  
c h ip  b e tw e e n  tw o  d ia m o n d  su pp o rts  a n d  using  a  th in  p ro b e  to  a p p ly  stress to  th e  
c h ip . T h is  w o rk  w as used to  s tu d y  th e  effects o f stresses on  th e  d ev ice  p e rfo rm a n c e  
in d u c e d  b y  processing  an d  b o n d in g . M o re  re c e n tly , r id g e  w a v e g u id e  q u a n tu m  w e ll 
lasers h a v e  b een  s tu d ie d  in  th e  A lG a A s /G a A s  system [106] in  o rd e r to  g a in  an  u n ­
d e rs ta n d in g  o f th e  effects o f s tra in  011 q u a n tu m  w e ll lasers , a lth o u g h  no th e o re tic a l 
m o d e llin g  was used. I 11 th is  c h a p te r i t  w ill  be  show n th a t  stresses can  b e  ach ieved  
u p to  6 k b a r  us ing  d ia m o n d  anvils  in  a  sys tem  w h ic h  can b e  used in  a  s ta n d a rd  
co n tin u o u s  flo w  c ry o s ta t. W h e n  a p p ly in g  u n ia x ia l stress to  s e m ic o n d u c to r devices, 
i t  is necessary th a t  th e  m easu rm en ts  a re  revers ib le  to  zero  stress. N o n -re v e rs ib le  
resu lts  u s u a lly  in d ic a te  d am ag e  o f th e  device and  a re  th e re fo re  n o t p resen ted .
T h e  a p p lic a t io n  o f u n ia x ia l stress on I I I - V  sem iconducto rs  needs m u ch  ca re , since 
these m a te r ia ls  are  v e ry  b r it t le .  T h is  s itu a tio n  becom es even  m o re  c r it ic a l w h e n  a  
s e m ic o n d u c to r laser device is used, due to  th e  s u s c e p ta b ility  o f th e  lase r face ts  to  
d a m a g e  w h ic h  can  seriously affect th e  p e rfo rm a n c e  o f a  lase r dev ice .
I t  is th e  a im  o f th is  w o rk  th a t  u n a ix ia l stress can be a p p lie d  to  b o th  o x id e -d e fin e d  
s tr ip e  a n d  r id g e  w aveg u id e  laser devices. I t  is also possib le , us ing  d ia m o n d s , to  
c a rry  o u t o p t ic a l a n d  e lc tro -o p tic a l c h a ra c te ris a tio n  on s e m ic o n d u c to r m a te r ia ls ,  
ro u t in e ly  used in  th e  h y d ro s ta tic  pressure d ia m o n d  a n v il ce lls [79 ,107 ]. T h e  sys tem  
has b een  designed such th a t  u n ia x ia l stress can a p p lie d  a t  te m p e ra tu re s  ra n g in g  
f r o m  liq u id  h e liu m  to  4 0 0 °K .
7 . 2  U n i a x i a l  S t r e s s  o n  S e m i c o n d u c t o r s
T h e  a p p lic a tio n  o f u n ia x ia l stress to  a  sem ico n d u c to r can  have  v e ry  d iffe re n t effects  
d e p e n d in g  on  th e  c ry s ta llo g ra p h ic  d ire c tio n  in  w h ic h  th e  stress is a p p lie d . F o r  th e  
p u rp o se  o f th is  w o rk  u n ia x ia l stress is considered  o n ly  a lo n g  th e  g ro w th  d ire c tio n  
o f lasers g ro w n  on  [100] o r ie n ta te d  substra tes . C h a p te r  4 , 5 a n d  6 discussed th e  
effects o f a x ia l s tra in  d ue  to  la t t ic e  m is m a tc h  b e tw e e n  th e  w e ll a n d  s u b s tra te  o f 
a  b u lk  a n d  q u a n tu m  w e ll laser. U n ia x ia l stress has a s im ila r  e ffect e xcep t fo r
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som e m in o r  d ifferences w h ic h  are  discussed b e lo w . T h e  tre a tm e n t is based  on  a  
s e m ic o n d u c to r lase r g ro w n  on  an  In P  su b s tra te .
A p p lic a t io n  o f com press ive  u n ia x ia l stress in  th e  (0 0 1 ) g ro w th  d ire c tio n  p roduces  
a n  e q u iv a le n t a x ia l d is to r t io n  to  th a t  fo rm e d  in  a la y e r  w ith  in -b u il t  te n s ile  la t t ic e  
m is m a tc h  s tra in . T h u s , th e  effects o f m is m a tc h  s tra in  on one p a r t ic u la r  d ev ice  can  
b e  s im u la te d  w ith o u t  v a ry in g  a n y  c o m p o s itio n a l p a ra m e te rs . T h is  is u se fu l since 
c o m p a rin g  devices a t d iffe r in g  in -b u il t  la t t ic e  m is m a tc h  s tra in s  can b e  d iff ic u lt  due  
to  u n q u a n tif ia b le  changes in  c o m p o s itio n a l p a ra m e te rs , fo r  w h ic h  i t  is d iff ic u lt  to  
acco u n t. A p p lic a t io n  o f th e  stress causes th e  w h o le  d ev ice , n o t ju s t  th e  a c tiv e  
re g io n , to  exp e rie n c e  b ia x ia l ten s ile  s tra in  in  th e  d ire c tio n s  p e rp e n d ic u la r  to  th e  
stress. T h e  la t t ic e  p a ra m e te r  o f th e  s tru c tu re  p e rp e n d ic u la r  to  th e  g ro w th  d ire c tio n  
is  th a t  o f th e  In P  s u b s tra te  since th e  th in  q u a n tu m  w ells  a n d  b a rr ie rs  w i l l  e la s tic a lly  
c o n fo rm  to  tin s  la t t ic e  p a ra m e te r , as e x p la in e d  in  c h a p te r  3 . T h u s , th e  s tra in  in  th e  
p la n e  o f th e  w e lls , ex x  a n d  ey y , is d e te rm in e d  b y  th e  la t t ic e  p a ra m e te r  o f  s tra in e d  
In P  in  those d ire c tio n s ,
e**- =  eyy =  S12crZ2 (7 .2 .1 )
w h e re  S i 2 is th e  e las tic  stiffness constants  o f th e  In P  s u b s tra te  an d  cr2Z is th e  
u n ia x ia l stress in  th e  z d ire c tio n  g iven  by,
Force A p p lie d  (7  9 9 )
C o n ta c t S urface  A re a
N o w , since a  stress is b e in g  a p p lie d  in  th e  2-d ire c tio n  th e  s tra in  a lo n g  2, esz, is 
s im p ly  g iv e n  b y  th e  com pression  o f th e  m a te r ia l in  th a t  d ire c tio n ,
e** =  S n <rxx (7 .2 .3 )
w h e re  S n  is th e  e las tic  stiffness co nstan t o f th e  m a te r ia l considered  i.e . th e  w e ll 
o r b a r r ie r . T h is  s itu a t io n  is s lig h tly  d iffe re n t to  th a t  o f in -b u il t  s tra in  since ezz  is 
n o t s im p ly  re la te d  to  ex x  a n d  eyy th ro u g h  P oisson’s ra t io .
T h e  n e w  s tra in  va lues  can  b e  used in  th e  c o m p o s itio n a l p ro g ra m , d escrib ed  in  
c h a p te r  5 , to  o b ta in  p a ra m e te rs  fo r th e  b a n d  s tru c tu re  a n d  g a in  p ro g ra m s . I t  is 
w o rth  n o t in g  here  th a t  i t  is assum ed th ro u g h o u t o u r ana lys is  th a t  th e  s tra in s  exx  
a n d  eyy a re  b o th  e q u iv a le n t u n d e r u n ia x ia l stress in  th e  z -d ire c tio n . H o w e v e r, as
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w ill be  discussed, b rie fly , in  section  7 .5 .2  fr ic t io n  a t th e  a n v il surfaces m a y  g ive  rise  
to  d ifferences b e tw e e n  th e  tw o  s tra in s . T h e  analysis o f non  te tra g o n a l d e fo rm a tio n  
is, h o w ever, b eyo n d  th e  scope o f th is  w o rk .
7 . 3  U n i a x i a l  S t r e s s  S y s t e m  O p e r a t i o n
7.3.1 T h e  D ia m o n d -A n v il C e ll (D A C )  O pera tion
A  s ta n d a rd  m in a tu re  C u :B e  p is to n  c y lin d e r d ia m o n d -a n v il cell w ith  e le c tr ic a l le a d -  
th ro u g h s  [108] w as used to  p ro v id e  u n ia x ia l stress on  a  s em ico n d u c to r lase r d ev ice . 
T h e  basic p r in c ip le  o f th e  d ia m o n d  a n v il u n ia x ia l stress ce ll[110] is v e ry  s im p le  a n d  
is i l lu s tra te d  in  F ig . 7 .1 . T h e  essen tia l co m p on en ts  are  tw o  opposing  m e ta llis e d  
d ia m o n d s , to  be d escribed  in  th e  n e x t section . D ia m o n d s  a re  used because o f th e ir  
h ardness, s tre n g th  an d  tra n s p a re n c y  to  p ho tons o ver a w id e  en erg y  ran g e , espe­
c ia lly  o f v is ib le  to  fa r  in fra -re d  frequ en c ies . T h e  cu le ts  a n d  ta b le  o f th e  d iam o n d s  
have been  m e ta llis e d  fo r  reasons discussed in  th e  n e x t sec tion . In  o rd e r to  a p p ly  
u n ia x ia l stress a  fo rce  needs to  b e  a p p lie d  on  the  p is to n . In  section  7 .3 .4  th e  sys tem  
used to  a p p ly  th e  stress to  th e  p is to n  is described .
Cu:Be
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F ig u re  7.1: D ia m o n d  A n v il  U n ia x ia l Stress S ys tem .
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7 . 3 . 2  D iam on d  M eta llisa tion  and M o u n tin g
F o r successful o p e ra tio n  o f th e  D A C  th e  d iam o n d s  need  to  b e  secure ly  m o u n te d  on  
th e  p is to n  a n d  lo w er b a c k in g  p la te . A n v ils  w ith  a  m u lt ila y e r  m e ta llis a t io n , fin is h e d  
w ith  g o ld , a n d  s u ita b le  fo r  so ld ering  a re  used. T h e  d ia m o n d s  w ere  o b ta in e d  f ro m  
D r u k k e r  (A m s te r d a m ). T h e  m o u n tin g  m e ta llis a tio n  is la id  d o w n  as sh ow n  in  F ig . 
7 .2 , co vering  th e  ta b le  excep t fo r  th e  o p tic a l access h o le , a n d  th e n  c o n tin u in g  u p  
th e  f la n k  o f th e  d ia m o n d . F ig . 7 .2  also shows a  m e ta llis e d  s tr ip e  across th e  c u le t o f  
th e  d ia m o n d . T h is  is used as a c o n ta c tin g  s tr ip  fo r  a p p ly in g  stress to  o x id e -s tr ip e  
d efin ed  la s e r devices. T h is  need n o t b e  considered  a t th is  s tage  fo r  so ld e rin g  o f  
th e  d iam o n d s  in  th e  cell. I t  is w o rth  n o tin g  here  th a t  d u r in g  th e  e v o lu tio n  o f th is  
te c h n iq u e  tw o  typ es  o f d ia m o n d  have  been  used.
(1 )  T h e  r id g e -w a v e g u id e  m easu rem en ts  used a 6 5 0 /m i cu le t d ia m o n d  w ith  n o  m e t­
a llised  s tr ip e  across t l ie  c u le t.
(2 )  T h e  o x id e -d e fin e d  s tr ip e  devices used a  1 0 0 0 /m i cu le t d ia m o n d  w ith  a  5 0 p m  
w id e  m e ta llis e d  s tr ip e  across th e  d ia m o n d  cu le t. T h is  w ill  b e  d escrib ed  in  section  
7 .3 .5 .
T h e  anv ils  a re  so ldered  in to  th e  cell using  th e  p ro c e d u re , d escrib ed  b y  D u n s  ta n
[109]. F ir s t ,  th e  b a c k in g  p la te  o r p is to n  is t in n e d  w ith  a  le a d - t in  so lder; excess 
so lder is w ip e d  o ff to  leave  o n ly  a  th in  la y e r . T h e  d ia m o n d  is w ip e d  w i th  f lu x  
an d  c la m p e d  in to  p lace  using  a  sp rin g  lo ad ed  jig , to  h o ld  i t  securely. T h e  w h o le  
assem bly is h e a te d  to  a b o u t 2 0 0 °C , to  m e lt  the  so ld er, an d  th e n  a llo w e d  to  cool. 
T h e  d iam o n d s  shou ld  n o w  be f irm ly  m o u n te d  a n d  h ave  so fa r  re m a in e d  secure fo r  
a ll th e  u n a x ia l stress m easu rem en ts .
7.3.3 D iam o n d  A n v il A lign m ent
A  m a jo r  a d v a n ta g e  o f using  tra n s p a re n t d iam o n d s  as an v ils  is th a t  th e y  can  be  
a lig n e d  o p t ic a lly  a n d  th e re fo re  to  a  m u c h  h ig h er accu racy  th a n  c o n v e n tio n a l s tee l 
a n v ils . T h e  d ia m o n d  a n v il cell has b u i l t - in  fa c ilitie s  fo r b o th  a x ia l a n d  t i l t  a lig n ­
m e n t w h ic h  is essen tia l fo r u n ia x ia l stress o p e ra tio n , e n a b lin g  us to  check a n d  
change th e  a lig n m e n t re g u la r ly  p r io r  to  o p e ra tio n , as show n  in  F ig . 7 .1 .
O n e  im p o r ta n t  p o in t to  n o te  in  an y  u n ia x ia l stress e x p e r im e n t is th a t  o f c lean liness; 
th e  w h o le  ce ll shou ld  b e  th o ro u g h ly  c leaned  w ith  m e th a n o l a n d  a c e to n e  b e fo re  
a lig n m e n t a n d  subsequent o p e ra tio n  to  rem ove  a n y  u n w a n te d  traces  o f  d ir t  o r
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F ig u re  7 .2: D ia m o n d  A n v il S c h e m a tic .
g r it .  In  th e  D A C , a lig n m e n t is ach ieved  b y  m o vem en t o f th e  lo w er d ia m o n d  p la te .  
T h re e  g ru b  screws in  th e  side o f th e  c e ll[108], a llo w  X - Y  tra n s la t io n  o f th e  p la te  
a n d  hence th e  d ia m o n d . T ig h te n in g  th e  screws w h e n  a lig n e d  fixes th e  p la te  in  
p o s itio n . O b s e rv a tio n  o f th e  tw o  d ia m o n d  culets in  c o n ta c t, v ie w e d  w ith  back  
l ig h t  p ro je c tio n  th ro u g h  a m icroscope, a llo w  th e  d iam o n d s  to  be p o s itio n e d  in  th e  
x  a n d  //-d ire c tio n  b y  a d ju s tin g  th e  screws u n t il th e  d ia m o n d s  a re  a p p ro x im a te ly  
co in c id en t.
T h e  v e r t ic a l, z ,  p o s itio n  o f th e  d ia m o n d  is a lte re d  b y  ch a n g in g  th e  p o s itio n  o f th e  
b ack  p la te  w ith  respect to  th e  rest o f th e  cell; th is  is ach ieved  using  th re e  s ta n d ­
o ff screws lo c a te d  in  th e  base o f  th e  ce ll. P la c in g  th e  d ia m o n d s  in  c o n ta c t, b y  
lo w e rin g  th e  top  p is to n , enables p a ra lle lis m  to  be ach ieved  b y  o b serv in g  th e  w h ite  
lig h t in te rfe re n c e  fringes  b e tw een  th e  tw o  cu lets . F o r u n ia x ia l stress o p e ra tio n  th e  
lo w e r d ia m o n d  is a lig n e d  so th a t  a m a x im u m  o f th re e  frin ges  can  be seen, g iv in g  
a p p ro x im a te ly  p a ra lle l a lig n m e n t. I f  no fringes are  o bserved  w h e n  in  c o n ta c t th e  
cell is e ith e r  v e ry  b a d ly  a lig ned  o r th e re  is d ir t  b e tw e e n  th e  cu lets  w h ic h  sh ou ld  be  
c lean ed  aw ay. T h e  presence o f a  5 0 /m i s tr ip e  across th e  c u le t m akes  l i t t l e  d iffe rence  
to  th e  a lig n m e n t p ro c e d u re  as th e  fr in ges  a re  s till v is ib le  a n d  th e re fo re  a lig n m e n t  
is s t i ll possib le.
/
Table Metalisation Side View
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7.3.4 P iston  D riv e  M echan ism
A  m a jo r  design  c o n s id e ra tio n  in  th e  co n s tru c tio n  o f th e  d r iv e  m e c h a n is m  w as to  
a p p ly  su ffic ien t fo rce  to  th e  p is to n  in  a  v e ry  sm o o th  m a n n e r. S e m ic o n d u c to r lasers  
are  e x tre m ly  b r i t t le  a n d  w ill  c leave a lo n g  c e rta in  p re fe rre d  p lanes  g iven  th e  s lig h tes t 
e n c o u ra g e m e n t. A n y  sudden  m o v e m e n t o r fr ic tio n  o f th e  p is to n  is lia b le  to  a p p ly  
su ffic ien t im p u ls e  stress to  d am ag e  o r, in  some cases, p u lve rise  th e  d ev ice . F o r  th is  
reason  a  sp rin g  a rra n g e m e n t w as used to  tra n s la te  a  d is p la c e m e n t in to  a  fo rce  on  
th e  p is to n .
T h e  d r iv e  a p p a ra tu s  is show n  s c h e m a tic a lly  in  F ig . 7 .3 . T h e  design  is such th a t  i t  
w il l  f i t  in to  a  s ta n d a rd  flo w  c ry o s ta t. T h e  D A C  is used ro u tin e ly  a t l iq u id  H e liu m  
a n d  N itro g e n  te m p e ra tu re s  fo r  h ig h  liy d ro s a tic  pressure m e asu rem en ts . T h e  c e n tra l 
fo rce  screw  is v a c u u m  sealed us ing  a  neop ren e  ‘O ’r in g  so th a t  th e  w h o le  sys tem  
m a y  be e v a c u a te d  to  ach ieve  lo w  te m p e ra tu re  o p e ra tio n . T h e  use o f v a c u u m  seals 
in  an  a p p a ra tu s  w h e re  m o v in g  p a rts  need  to  be accessible o u ts id e  th e  v a c c u m  
needs c a re fu l design. F r ic t io n a l v ib ra t io n  is lik e ly  to  occur a t th e  v a c c u m  seal a n d  
th e  use o f th e  screw  go ing  th ro u g h  th e  v a c u u m  seal w as a  m a jo r  c o n s id e ra tio n  to  
red u ce  v ib ra t io n  tr a n s m itte d  to  th e  fo rce  p is to n . T h e  screw  has a  1 m m  p itc h  a n d  
c a lib ra tio n s  o f th e  m o v e m e n t o f th e  screw  w ere e tch ed  in to  th e  to p  o f th e  screw  
o u ts id e  th e  v a c u u m  casing, so th a t  th e  a p p ro x im a te  fo rce a p p lie d  to  th e  p is to n  
c o u ld  b e  k n o w n .
T u rn in g  o f th e  screw  raises th e  lo w e r stress p la te  causing  th e  springs to  com press  
a n d  p ro v id es  a  s m o o th ly  v a ry in g  fo rce  o n to  th e  u p p e r stress p la te . A  n u m b e r  
o f springs w e re  considered  in  th e  design  o f th e  sys tem  in c lu d in g  B e lle v ille  sp rin g  
w ashers. T h e  springs used w ere  h ig h  p rec is io n  d ie springs m a d e  b y  S p rin g m a s te rs  
o f ty p e  C M 1 0 x 5 1 . T h e s e  springs in d iv id u a lly  g ive a p p ro x im a te ly  a  6 N  fo rce  u n d e r  
a  com pression  o f 1 m m  an d  th is  p ro v id es  th e  system  w ith  th e  f le x ib il ity  to  a p p ly  
v a ry in g  stresses to  a  n u m b e r o f d iffe rin g  device sizes. T h e re fo re  one w h o le  ro ta t io n  
o f  th e  fo rce  screw  app lies  a  fo rce  o f a p p ro x im a te ly  1 2 N  o n to  th e  D A C  p is to n  
co rresp o n d in g  to  a b o u t lk b a r  a p p lie d  to  3 0 0 x 4 0 0 /m i2 device.
T h e  u p p e r  p la te  is conn ected  to  th e  D A C  b y  m eans o f ten s io n  w ires  w h ic h  are  
lo o p e d  a ro u n d  th e  b o t to m  o f th e  cell. B o th  brass p la te s  are  s to p p e d  fr o m  ro ta t in g  
as th e  screw  tu rn s , b y  tw o  stainless steel s u p p o rt rods . T w o  brass saddles are  
p la c e d  in s id e  th e  lo o p e d  w ire  a n d  s itu a te d  f la t  a g a in s t th e  b o t to m  o f  th e  D A C .
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Figure 7.3: Schematic of the Diamond Anvil Uniaxial Stress System (not to scale).
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C om press io n  tu b es  f i t  in to  holes in  th e  u p p e r D A C  p la te  w h ic h  is co nn ected  to  th e  
p is to n . T h u s , w h e n  th e  w ires  are  p u lle d  fro m  above th e  p is to n  is p u sh ed  in to  th e  
ce ll pressing  th e  a n v ils  to g e th e r.
In  th e  n e x t sections som e o f th e  m e th o d s  used fo r p ro v id in g  e le c tr ic a l c o n ta c ts  on  
th e  d ia m o n d  cu le ts , in  o rd e r to  p o w e r t l ie  laser d ev ice , w i l l  b e  d escrib ed , a lo n g  
w ith  th e  re la t iv e  success a n d  fa ilu re  o f each m e th o d . T h e  m e th o d s  can  b e  g ro u p e d  
in to  tw o  categories: 5 Op.in o x id e -d e fin e d  s tr ip e  lasers a n d  r id g e  w av e g u id e  devices.
7.3.5 O x ide -de fin ed  5 0 p m  S tripe  Laser D evices
T h e  g e o m e try  o f an  o x id e -d e fin e d  5 0 /m i s tr ip e  laser is show n in  F ig . 7 .4 (a ) .  U n i­
a x ia l stress is a p p lie d  to  th e  s tr ip e  o f th e  laser b y  m eans o f a  5 0 p m  w id e  lin e  o f  
m e ta llis a t io n . T h is  w as designed to  go across th e  c u le t o f th e  d ia m o n d  so as to  
p re fe re n t ia lly  stress o n ly  th e  s tr ip e  a re a  on th e  laser. I t  w as in te n d e d  th a t  th is  
m e ta llis e d  lin e  w o u ld  cover th e  w h o le  1000p .m  d ia m e te r  o f th e  cu le t b u t  u n fo r tu ­
n a te ly  o n ly  h a lf  t l ie  c u le t w as m e ta llis e d , as show n in  F ig . 7 .2 . M e a s u re m e n ts  
us in g  a  T a ly s te p  surface  p ro b e  w ere  c a rr ie d  o u t on th e  s tr ip e  in  o rd e r to  observe  
th e  surface roughness a n d  s tep  h e ig h t o f th e  s tr ip e . S m a ll f lu c tu a tio n s  w ere  o b ­
served  in  th e  th ickness  a n d  w id th  o f t l ie  s tr ip e  a long  its  le n g th . T h e s e  resu lts  w ere  
ta k e n  a fte r  a  n u m b e r  o f m easu rem en ts  h a d  been p e rfo rm e d  using  th e  m e ta llis e d  
d ia m o n d s  a n d  w ere  sh ow in g  signs o f d e g ra d a tio n . T h e  la s t set o f T a ly s te p  resu lts  
ta k e n  gave a  s tr ip e  th ickness  o f 0 .2 p .m (± 0 .0 3 p m ) a n d  a w id th  o f 5 0 p m (± 3 p ,m ) .  
E a r lie r  T a ly s te p  m eas u re m e n ts  w h e n  th e  s tr ip e  h ad  re c e n tly  been  p u t d o w n  show ed  
m u c h  less v a r ia t io n  in  th ickness  a n d  w id th .
B e fo re  m o u n tin g  a  dev ice  in  th e  cell th e  d ia m o n d  c u le t is c o m p le te ly  covered  using  
e v a p o ra tio n  b y  a  th in  la y e r  (a p p ro x im a te ly  2 0 0 n m ) o f p u re  gold  (9 9 .9 9 5 % ), to  
red u ce  fr ic t io n  a t  th e  a n v il surface. T h e  go ld  w il l  p la s t ic a lly  d e fo rm  a t v e ry  lo w  
stresses a llo w in g , in  th e o ry , a  v ir tu a lly  fr ic tion less  c o n ta c t a re a .
P r io r  to  m o u n tin g  th e  dev ice  a n d  e v a p o ra tio n  o f th e  go ld  th e  d iam o n d s  h ave  to  be  
a lig n e d . T h is  process is d escrib ed  in  section  7 .3 .3  a n d  g re a t care  is ta k e n  to  ensure  
th a t  th e  m e ta llis e d  s tr ip es  a re  a lig n e d  to  w ith in  a p p ro x im a te ly  z b 2 p m  in  th e  x  an d  
//-d ire c tio n s . M o u n t in g  th e  lasers o n to  th e  an v ils  c o rre c tly  is a  c ru c ia l o p e ra tio n  
a n d  req u ires  d e x te r ity , p a tie n c e  a n d  s tead y  hands. T h e  lase r is m a n e o u v e re d  in to  
p o s itio n  on  th e  p is to n  d ia m o n d  such th a t  th e  s tr ip e  on th e  d ev ice  a n d  d ia m o n d
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axe co in c id e n t. A n y  s ligh t m is a lig n m e n t a t th is  stage a n d  th e  stress w il l  n o t be  
a p p lie d  u n ifo rm ly  to  th e  laser le a d in g  to  e a rly  c r it ic a l fa ilu re  o f th e  d ev ice  u n d e r  
stress a n d  e x tre m ly  u n p re d ic ta b le  resu lts .
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( N O T  T O  S C A L E )  A
^ n y n y f r
F ig u re  7.4: S c h e m a tic  s tru c tu re  o f (a )  O x id e  d efined  s tr ip e  a n d  (b )  R id g e  w aveg ­
u id e  lasers.
T h e  force re q u ire d  to  a p p ly  a  g iven  stress is in verse ly  p ro p o rt io n a l to  th e  con­
ta c t surface a rea . T h e  co n ta c t surface area  in  th e  devices m easured  a re  ty p ic a lly  
5 0 x 4 0 0 //m 2 to  50x250/«??.2 d ep en d in g  011 th e  c a v ity  le n g th  o f th e  dev ice . T h e  forces  
re q u ire d  to  a p p ly  th e  stress in  a sm o o th  c o n tro lla b le  m a n n e r a re , fo r these devices, 
a t th e  l im i t  o f th e  p resent u n ia x ia l stress system . F o r e x a m p le , th e  m a x im u m  
re vers ib le  stress p e rfo rm e d  on  these devices is a b o u t C kbar w h ich  req u ires  a  force  
o f a b o u t 1 2 N . T h e  d ia m o n d  a n v il cell was designed fo r h ig h  h y d ro s ta tic  pressure  
m easu rem en ts  re q u ir in g  forces o f th e  o rd er o f a  to n n e  to  g ive  th e  h u n d red s  o f  
k b a r  pressure on  th e  sam p le . Possib le im p ro v e m e n ts  to  th e  p resent sys tem  can be  
ach ieved  b y  a  redes ign ing  o f th e  cell based 011 a  lo w er w o rk in g  stress ran g e  an d  
w il l  b e  discussed a t th e  end  o f th is  c h a p te r.
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7.3.6 R id ge -w avegu id e  Lasers
T h e  r id g e -w a v e g u id e  s tru c tu re  req u ires  a  m u ch  d iffe re n t a p p ro a c h  to  th a t  o f th e  
o x id e  s tr ip e  devices. A  sch em atic  o f th e  rid g e  w aveg u id e  s tru c tu re  is show n  in  
F ig . 7 .4 (b ) .  T h e  w h o le  o f  th e  to p  surface a re a  o f th e  dev ice  is in  c o n ta c t w i th  th e  
a n v ils  in  th is  case. F o u r  m e th o d s  o f m e ta llis a tio n  h ave  been  tes ted  o f  w h ic h  one  
has show n b y  fa r  th e  m o st re lia b le  resu lts .
E v a p o r a t e d  G o l d  M e t a l l i s a t i o n
A  s ta n d a rd  E d w a rd s  lo w  p ressure e v a p o ra to r  was used to  p u t  d o w n  layers  u p  to  
4 0 0 n m  o f p u re  go ld  (9 9 .9 9 5 %  p u r ity )  o n to  th e  d ia m o n d  a n v ils . T h is  w as th e  firs t  
m e th o d  tr ie d  and  w as n o t v e ry  successful due to  th e  te n d a n c y  o f th e  th in  g o ld  f i lm  
to  b re a k  u n d e r stress a n d  w h ils t m o u n tin g ; th u s  b re a k in g  th e  e le c tr ic a l c o n ta c t to  
th e  lase r d ev ice . T h is  m e th o d  w as ab a n d o n e d  a fte r  a b o u t f iv e  a tte m p ts .
S i lv e r  D a g  C o n d u c t in g  P a i n t
W a te r  based co n d u c tin g  s ilver p a in t  an d  e p o x y  res in  was t r ie d  a n d  su ffered  th e  
sam e p ro b lem s  as th e  e v a p o ra te d  g o ld  la y e r , ie  th a t  o f b a d  c o n ta c tin g  u n d e r stress.
T i n  F o i l  ( K i t  K a t  w r a p p e r )
5 p m  th ic k  t in  fo il w as used a n d  th is  d id  n o t su ffe r th e  sam e p ro b le m s  as th e  
p rev io u s  tw o  m e th o d s . H o w e v e r, th e  laser devices w ere  p ro n e  to  b reakag e  a t s m a ll 
stresses a n d  w ere  n e v e r re lia b le .
S ta in le s s  S t e e l  F o i l
B y  fa r  th e  best resu lts  on  th e  r id g e  devices w ere ach ieved  us in g  50 p m  sta inless  
steel fo il a n d  w as th e  f irs t m e th o d  fro m  w h ic h  re lia b le  resu lts  w ere  p ro d u c e d  on  th e  
r id g e  devices. T h e re  a re  tw o  m a in  cons id era tion s  w h e n  u s in g  th e  sta in less steel. 
T h e  fo il m u s t be h e ld  securely  o n to  th e  d ia m o n d  c u le t p r io r  to  m o u n tin g  th e  la s e r  
an d  th e  fo il m u s t n o t obscure th e  lig h t  o u tp u t  o f th e  laser d ev ice  d u r in g  th e  stress  
m e a su rem en ts . T h e  fo il is cu t f ro m  a  la rg e  sheet u s in g  a  g u illo tin e . I t  is essen tia l
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th a t  th e  fo il has no d ir t  on th e  surface a n d  th is  is ach ieved  b y  c lean in g  in  ace to n e  
a n d  m e th a n o l. T h e  surface o f th e  fo il is choosen so th a t  no p its  o r s m a ll lu m p s  are  
v is ib le  to  th e  h u m a n  eye en surin g  a f ia t  c o n tac t su rface to  th e  r id g e  d ev ice .
S oft p u t ty  (B lu e  T a c )  is used to  secure th e  fo il to  th e  d ia m o n d  c u le ts , as show n  
in  F ig . 7 .5 . I t  is ensured  th a t  no p u t ty  en ters  b e tw e e n  th e  fo il a n d  d ia m o n d  
c u le t surface. A  w ire  is a tta c h e d  to  b o th  p la te s  in  o rd e r to  p ro v id e  c o n ta c t to  th e  
e le c tr ic a l fe e d th ro u g h s  in  th e  cell. T h e  to p  fo il is firs t secured  o n to  th e  p is to n  us ing  
th e  soft p u t ty . T h e n  th e  second fo il is p laced  over th e  firs t a n d  secured  in  such a  
w a y  th a t  p u t t in g  a  laser in  b e tw e e n  th e  tw o  foils a n d  a p p ly in g  stress w i l l  n e ith e r  
cause a  sh o rt b e tw e e n  th e  tw o  fo ils  o r obscure th e  fa c e t o f th e  laser c h an g in g  th e  
a m o u n t o f las in g  lig h t em erg ing  fro m  th e  cell as th e  stress is ch ang ed . T h is  is 
d iff ic u lt  a n d  req u ires  m u c h  p a tie n c e . H o w e v e r, a  sys tem  w as d eve lo p ed  w h e re b y  
n o  e le c tr ic a l shorts  o ccu rred  an d  over th e  stress ra n g e  o f th e  m e a s u re m e n t th e  face t 
lig h t w as n o t a ffec ted , as discussed in  section  7 .5 .1 . P res tress in g  o f th e  stainless  
steel fo il (u p to  lO k b a r )  in  th e  absence o f a  laser d ev ice  is also used to  ach ieve  
f la t  sta in less steel surfaces a n d  to  ensure th a t  th e  fo ils  h ave  “s e ttle d  in ” to  th e ir  
p os ition s  in  th e  cell.
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7 . 4  L a s e r  E m i s s i o n  M e a s u r e m e n t s
T h e  a p p a ra tu s  used to  m easu re  some o f th e  se m ic o n d u c to r laser c h a ra c te ris tic s  a re  
discussed in  th is  section . T h e  p rin c ip le s  o f s em ico n d u c to r lasers a re  d e s c rib e d  in  
c h a p te r 2 . T h e  e x p e r im e n ta l a rra n g e m e n t fo r m e a s u rin g  th e  lasers p ro p e rtie s  is 
show n b e lo w  in  F ig . 7 .6
Loc k - i n  AmplifierI E E E  B u s
F ig u re  7.6: E x p e r im e n ta l se t-u p  fo r m easu rin g  la s e r c h a ra c te ris tic s .
T h e  lasers a re  d r iv e n  in  p u lsed  m o d e  b y  a  H e w le t t  P a c k a rd  pu lse g e n e ra to r . T h e  
c u rre n t is m easu red  using a  T e k tro n ix  c u rre n t p ro b e . T h e  o u tp u t  f ro m  b o th  g er­
m a n iu m  p h o to d e te c to rs  is m easu red  b y  a  lo c k -in  a m p lif ie r . T h e s e  are  a ll  fe d  in to  
a  4 8 6 P C  c o m p u te r  w h ic h  records a n d  p lo ts  th e  L - I  a n d  s p e c tra l re s u lts . T h e  
c o m p u te r  also acts as a  c o n tro l fo r th e  s p e c tro m e te r , p u lse  g e n e ra to r , a n d  lo c k -in  
a m p lif ie r , so th a t  a u to m a te d  o p e ra tio n  o f th e  L - I  a n d  s p e c tra l m e a s u re m e n ts  a re  
possib le.
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7 . 5  E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n
7.5.1 M ech an ica l B eh av iou r o f  the C e ll
□--□ UP Stres
•—  * Down Stress
F ig u re  7 .7 : (a )  T h re s h o ld  C u rre n t and  (b )  E x te rn a l e ffic iency  resu lts  on  a n  u n ­
s tra in e d  r id g e  dev ice  show ing  h y te ris is  as th e  stress is cyc led .
D u r in g  d e v e lo p m e n t o f th e  u n ia x ia l stress te c h n iq u e  in  a  d ia m o n d  a n v il ce ll th e  
b e h a v io u r  o f  th e  sys tem  as th e  stress w as in creased  a n d  decreased w as s tu d ie d . 
U s in g  th e  stainless steel fo il m e th o d , d escribed  in  th e  p re v io u s  sec tio n , a  series 
o f u n s tra in e d  rid g e  laser devices w ere  ta k e n  th ro u g h  in c re a s in g  a n d  decreasing  
stresses w h ils t m e a s u rin g  th e  devices ’ th re s h o ld  c u rre n t a n d  e x te rn a l e ffic iency . 
F ig . 7 .7  shows th e  th re s h o ld  c u rre n t an d  effic iency  resu lts  fo r  one d ev ice  as th e  
stress was ra m p e d  up  to  3 .5  k b a r  an d  th e n  decreased d o w n  to  th e  unstressed  case. 
T h e  d ev ice  w as an  u n s tra in e d  rid g e  4  q u a n tu m  w e ll la s e r o p e ra tin g  a t  a n  unstressed  
w a v e le n g th  o f a p p ro x im a te ly  1 .4 8 /u n . A s can  be seen fr o m  th e  re s u lts , in c re a s in g  
b ia x ia l te n s ile  s tra in  in  th e  w ells  due to  u n ia x ia l co m p ress ive  stress increases th e  
th re s h o ld  c u rre n t d ue  to  th e  effects d escrib ed  in  c h a p te r  5 , I t  is also w o r th  n o tin g
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th a t  th e  effic iency  is decreasing  ra p id ly  w h ich  m a y  b e  d ue to  th e  prescence o f an  
in c reas in g  o p t ic a l loss due  to  in te rv a le n c e  b a n d  a b s o rp tio n  ( I V B A ) .  H o w e v e r, th e  
q u a n t ita t iv e  in te r p r e ta t io n  o f these an d  s im ila r  resu lts  a re  d iff ic u lt  since a t  th e  
t im e  o f m e a s u re m e n t th e  las in g  w a v e le n g th  w as n o t m e a s u re d , a n d  th e re fo re  th e  
a c tu a l stress in d u c e d  s tra in  was n o t kn o w n .
T h e  resu lts  show  som e hysteris is  b u t re tu r n  to  th e  sam e unstressed  va lues , w ith in  
a n  e rro r  o f a b o u t 5 % . T h ese  p ro v id e d  an  e s tim a tio n  o f th e  fr ic t io n  p re s e n t in  
th e  sys tem . A lso , th ro u g h  in creas in g  th e  m a x im u m  stress, an  u p p e r l im i t  o n  th e  
stress th a t  can  b e  used w ith o u t  irre v e rs ib le  d am ag e  w as o b ta in e d . I t  is w o r th  
n o tin g  th a t  th is  stress is n o t th e  m a x im u m  ach ievab le  re vers ib le  stress b u t  is a  
l im i t  a fte r  w h ic h  th e  y ie ld  o f  u n d a m a g e d  devices decreases, g iv in g  a  usefu l l im i t  
fo r  o u r p resen t system . W h e n  a p p ly in g  u n ia x ia l stress to  a  v e ry  fra g ile  d ev ice  lik e  
a  s em ico n d u c to r i t  is im p o r ta n t  th a t  th e  m easurem ents  do n o t in c lu d e  a n y  effects  
due to  d a m a g e  o f th e  laser.
T h e re fo re , in  a ll o u r  u n ia x ia l stress m easu rem en ts  resu lts  a re  o n ly  in c lu d e d  w h e re  
th e  d e v ic e ’s ch ara c te ris tic s  re tu rn  to  th e ir  unstressed values a fte r  stress lo a d in g  
w ith in  ± 5 % .  So fa r ,  o u r resu lts  h ave  show n th a t  a  m a x im u m  stress o f a b o u t  
4 -6  k b a r  p ro v id es  th e  best co m p ro m ise  b e tw e e n  la rg e  s tre s s /s tra in s  a n d  a  la rg e  
y ie ld  o f resu lts  fro m  u n d a m a g e d  devices, a lth o u g h  th is  does v a ry  d e p e n d in g  on  
th e  le n g th  a n d  s tru c tu re  o f th e  d ev ice . T h e  m a x im u m  stress ach ieved , so fa r ,  
w ith o u t  c a ta s tro p h ic  d am ag e  o f th e  laser device was p e rfo rm e d  on an  u n s tra in e d  
rid g e  laser u p  to  6 .5  k b a r , w h ic h  is la rg e r  th a n  any  reco rd ed  in  th e  li te r a tu r e  o il a  
se m ic o n d u c to r lase r dev ice  in  th e  (0 0 1 )  d ire c tio n .
T h e  hys teris is  in  th e  resu lts  is im p ro v e d  b y  using  a c o m b in a tio n  o f 3 - in - l  o il a n d  
M o ly b d e n u m  D iS u lp h id e  as lu b r ic a t in g  agents in  th e  sys tem  a t ro o m  te m p e ra tu re .  
T h is  m e th o d  w as a d o p te d  fo r a ll resu lts  p resen ted  in  th e  n e x t section . H y s te ris is  
is s t i l l  observed  b u t is m u c h  less th a n  show n in  th e  F ig . 7 .7  a n d  i t  is h o p e d  th a t  
th is  w il l  b e  solved b y  th e  design o f a  n ew  u n ia x ia l stress ce ll m o d ifie d  fo r  m u ch  
lo w e r forces. A t  lo w e r te m p e ra tu re s , a lth o u g h  n o t ye t a tte m p te d , M o ly b d e n u m  
d i-S u lp h id e  a lo n e  can  b e  used as a lu b r ic a t in g  ag ent.
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7.5.2 U n ia x ia l Stress R esu lts on Tensile -S tra ined  Lasers
I n  th is  sec tion , u n ia x ia l stress w as a p p lie d  to  q u a n tu m  w e ll lasers w i th  in -b u il t  
te n s ile  s tra in s . T h e  lasers w ere choosen fro m  th e  te n s ile -s tra in e d  series discussed  
a n d  m o d e lle d  in  c h a p te r  6 [73].
T h r e s h o l d  C u r r e n t  a n d  E f f i c i e n c y
U n ia x ia l  stress was a p p lie d  to  a  0 .7 9 %  te n s ile -s tra in e d  5 0 /m i o x id e -s tr ip e  q u a n tu m  
w e ll la s e r, w ith  a  c a v ity  le n g th  o f 400/;, 111, u p to  a  m a x im u m  stress o f 5 .5 k b a r .  
F ig . 7 .8 (a )  a n d  (b )  show  th e  m easu red  u n ia x ia l stress dependence o f th e  th re s h o ld  
c u rre n t a n d  e x te rn a l e ffic iency  o f  th e  device.
F ig u re  7.8: U n ia x ia l stress dependence of; (a ) th e  th re s h o ld  c u rre n t, U ,  a n d  (b )  th e  
e x te rn a l efficiency,?^. I t  is w o rth  n o tin g  th a t  a t th is  stage th e  stress is c a lc u la te d  
f ro m  th e  fo rce  a p p lie d  b y  th e  screw  an d  springs.
T h e  m e a s u re m e n t is re v e rs ib le  to  zero  stress a n d  th e  th re s h o ld  c u rre n t o b ta in e d  is 
w ith in  5 %  o f th e  o r ig in a l m easu red  th resh o ld  c u rre n t. A p p ly in g  u n ia x ia l stress to  
a  te n s ile -s tra in e d  laser increases th e  a m o u n t o f tens ile  s tra in  in  th e  d ev ice . T h u s ,  
th e  im p ro v e m e n t observed  in  th e  th re s h o ld  c u rre n t is e x p e c te d  a n d  describ ed  in
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c h a p te r  6 . A  stress o f  5 .5 k b a r  is e q u iv a le n t to  an in -b u il t  s tra in  o f a p p ro x im a te ly  
0 .3 3 %  te n s ile  s tra in , w h ic h  takes th is  0 .7 9 %  laser d ev ice  to  1 .1 2 %  te n s ile  s tra in .
F ig u re  7 .8 (a )  shows a  17%  re d u c tio n  in  th e  th re s h o ld  c u rre n t f r o m  0 to  5 .5 k b a r .  
O b s e rv in g  th e  resu lts  fro m  c h a p te r 6 , a  re d u c tio n  in  th e  th re s h o ld  c u rre n t o f 1 7 % , 
as show n  in  F ig . 6 .5  fo r  a  4 0 0 /u n  d ev ice , is also observed  fr o m  th e  0 .7 9 %  ten s ile - 
s tra in e d  laser to  th e  1 .1 2 %  s tra in e d  d ev ice . T h e o re t ic a lly , h o w e v e r, i t  is e x p e c te d  
th a t  u n ia x ia l stress sh ou ld  show  la rg e r im p ro v e m e n ts  th a n  th e  e q u iv a le n t in -b u il t  
s tra in  fo r  tw o  m a in  reasons :
•  E 8 7 6  A s  G r o w n  
□ - - □  E 8 6 9  Unia x i a l  Stress
T e n s i l e  S t r a i n  ( % )
F ig u re  7.9: T h e  tra n s it io n  energies p lo tte d  versus ten s ile  s tra in  fo r  a  0 .7 9 %  ten s ile - 
s tra in e d  lase r(s q u a re s ) u n d e r u n ia x ia l stress to  1 .1 2 % , a n d  an  as g ro w n  1 .1 2 %  
te n s ile -s tra in e d  laser.
(1 )  A  la rg e r  s e p a ra tio n  o f th e  va lence  bands is e x p e c te d  w i th  u n ia x ia l stress. 
T h is  w i l l  le a d  to  an  associated  im p ro v e m e n t in  th e  va len ce  b a n d  d ispers ions. T h is  is 
i l lu s tr a te d  in  F ig . 7 .9 . T h e  th e o re tic a l E 1 -L H 1  a n d  E 1 -H H 1  tra n s it io n  energ ies fo r  
th e  -0 .7 9 %  te n s ile -s tra in e d  d ev ice  u n d e r u n ia x ia l stress u p to  1 .1 2 %  (o p e n  squares) 
a re  show n a lo n g  w ith  th e  p o s it io n ’s m easu red  fo r  th e  as g ro w n  1 .1 2 %  te n s ile - 
s tra in e d  d ev ice .
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(2 )  T h e re  is no a p p re c ia b le  change in  th e  c o n d u c tio n  b a n d  o ffset, a n d  hence  
e le c tro n  s p illo v e r in to  th e  b a rr ie rs , w ith  u n ia x ia l stress. W h e re a s  in c reas in g  th e  
g a ll iu m  co n te n t is k n o w n  to  le a d  to  w o rsen ing  e le c tro n  c o n fin e m e n t, as d escribed  
in  c h a p te r  6.
T h e  e x te rn a l e ffic iency  is n o t observed  to  change s ig n if ic a n tly  o ver th e  stress  
ra n g e , w ith in  th e  e rrors  o f  th e  m e a s u re m e n t. F ro m  th e  resu lts  o f c h a p te r  6 , i f  
th e  losses due  to  I V B A  w ere  b e in g  red u ced  b y  th e  increase  o f  tens ile  s tra in  th e n  
an  increase in  th e  la s e r effic iency, ?/<•/, w o u ld  be e x p e c te d . T h is  is n o t observed  
w ith in  th e  e rro rs  o f o u r m e a s u rem en ts . T h e  e ffic iency  o f w id e  (5 0 /m i)  o x id e -s tr ip e  
lasers a re  k n o w n  to  be d iff ic u lt  to  q u a n tify  due to  th e  la rg e  o p t ic a l cross-section  
N wl i i ch th e  las in g  m o d e  is ab le to  occupy le a d in g  to  in s ta b il i ty  o f  th e  o p t ic a l 
m o d e  w ith  in c re a s in g  c u rre n t in je c tio n . A lth o u g h  th e  lig h t c u rre n t ( L - I )  curves  
in  these devices show  no d ra m a tic  ” k in k s ” as th e  c u rre n t is in creased  th e  L - I  do  
show  s lig h t n o n -lin e a r it ie s . O n e  so lu tio n  to  th e  p ro b le m  is th e  m e a s u re m e n t o f th e  
sam e m a te r ia l fa b r ic a te d  in to  rid g e -w a v e g u id e  devices in  w h ic h  th e  o p t ic a l m o d e  
is s ta b le .
In  o rd e r to  t r y  to  d ire c t ly  assess th e  a c tu a l s tra in  in  th e  a c tiv e  reg io n  o f th e  
d ev ice  i t  is necessary to  m easu re  th e  s p ec tra l c h a ra c te ris tic s . T h e  la s in g  w a v e ­
le n g th  is m e a s u re d  a t each stress v a lu e  th a t  th e  th re s h o ld  c u rre n t a n d  e ffic ien cy  is 
m e a s u re d . F ig . 7 .10  shows th e  e x p e r im e n ta l change in  w a v e le n g th  (s o lid  c irc les) 
p lo t te d  ag a in s t th e  fo rce  a p p lie d  b y  th e  springs a t th e  to p  o f th e  a p p a ra tu s , fo r  th e  
sam e laser d ev ice . T h e  w a v e le n g th  varies  in  a  sm o o th  m a n n e r  u p  to  a  c e r ta in  stress  
a n d  a fte rw a rd s  fo llo w s  a lo n g  a  d iffe re n t slope. T h e  th e o re tic a l sh ift o f w a v e le n g th  
is also p lo tte d  (so lid  l in e ) .
I t  can  b e  seen th a t  th e re  w as reasonab le  ag re e m e n t u p to  2 .5  lcbar, b u t  a fte r  
th is  p o in t th e re  was a  la rg e  d iscrepancy b e tw e e n  th e  m e a s u re d  an d  c a lc u la te d  
w a v e le n g th  v a r ia t io n . F ro m  c h a p te r 6 , i t  is e v id e n t th a t  th e re  is g o o d  ag re e m e n t  
b e tw e e n  th e  e x p e r im e n ta l a n d  th e o re tic a l values fo r  th e  p h o to v o lta g e  energ ies. I t  
is th e re fo re  reaso n ab le  to  assum e th a t  th e  th e o re tic a l m o d e l is n o t g iv in g  rise  to  th e  
d iscrep an cy . I t  is assum ed th a t  th e  d iscrepancy is d u e  to  a n  e x p e r im e n ta l e ffec t, 
th e  cause o f w h ic h  is n o t c le a r a t th e  m o m e n t. H o w e v e r, th e re  a re  a  n u m b e r  o f  
p la u s ib le  e x p la n a tio n s  w h ic h  are  d escribed  b e lo w ,
(1 )  S tre tc h in g  o f th e  steel w ires  a t h ig h  forces gives rise  to  a  lo w e rin g  o f th e  
stress o n  th e  device. H o w e v e r, due to  th e  sm a ll forces used fo r  u n ia ix a l stress
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F ig u re  7 .10 : E x p e r im e n ta l( f i l le d  c irc les) a n d  t l ie o re tic a l(s o lid  lin e ) u n ia x ia l stress  
dependence o f t l ie  las in g  w a v e le n g th  fo r  a  0 .7 9 %  te n s ile -s tra in e d  5 0 /u n  s tr ip e  de­
v ice .
co m p a re d  to  t l ie  s tre n g th  o f th e  2 m m  d ia m e te r  sta in less s tee l w ires  less th a n  0 .5 %  
change in  stress a t t l ie  a n v il surfaces w o u ld  b e  e x p e c te d  fo r  IO N  forces.
(2 )  A t  h ig h e r stresses th e re  is a  te n d a n c y  fo r  th e  screw  to  tw is t th e  s u p p o rt  
rods g iv in g  rise to  e x tr a  fr ic t io n  an d  hence red u ced  stress on  th e  d ev ice .
(3 )  A s th e  stress is in creased , t i l t in g  o f tlie  fo rce  p is to n  in  th e  d ia m o n d  a n v il  
cell m a y  arise due to  n o n -p e rfe c t s e ttin g  o f th e  com pression  tu b es  in to  th e  D A C  
to p  p la te .
(4 )  A lth o u g h  e v e ry  e ffo rt w as m a d e  to  ensure m in im a l f r ic t io n  b e tw e e n  th e  
lase r a n d  th e  a n v il surface i t  is possib le th a t  fr ic tio n  m a y  e x is t. T h is  w o u ld  g ive  rise  
to  a  com pressive s tra in  in  th e  2-d ire c tio n  a c c o m p an ied  b y  a  lo w e r th a n  e x p e c te d  
te n s ile  s tra in , in  th e  x  an d  //-d ire c tio n s . I f  i t  is assum ed th a t  b o th  th e  x  a n d  y  
s tra in s  a re  a lw ays s y m m e tr ic , a n d  rep resen ted  b y  , th e n  a  s im p le  an a lys is  can  
b e  used to  e s tim a te  th e  change in  w a v e le n g th  o f  th e  q u a n tu m  w e ll d u e  to  th e  
re d u c tio n  o f th e  s tra in  in  th e  q u a n tu m  w e ll p lan e .
T h e  fr ic t io n  a t th e  a n v il surface can  be rep resen ted  b y  a  re d u c tio n  in  th e  v a lu e  o f eq,
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g iv e n  th a t  th e  v a lu e  o f ezz re m a in s  th e  sam e. F ig . 7 .11  shows th e  a m o u n t o f  re d u c ­
t io n  o f ejy needed  to  p ro v id e  ag reem en t b e tw een  th e  e x p e r im e n ta l a n d  th e o re tic a l 
resu lts  a t 5 .4 k b a r  stress in  F ig . 7 .10 . T h e  p lo t shows th a t  as e|| is decreased , th e  
b a n d -g a p  (d a s h e d  lin e )  increases ra p id ly . T h is  is d ue  to  th e  d iffe ren ce  in  th e  a x ia l  
a n d  h y d ro s ta tic  co m p on en ts  o f th e  s tra in , w h ich  w ere  discussed in  c h a p te r  5 . T h e  
so lid  lin e , show n  in  F ig .7 .1 1 , gives th e  e x p e r im e n ta lly  o b served  v a lu e  o f  th e  las in g  
w a v e le n g th  a t 5 .4  k b a r . T h e re fo re  ag reem en t b e tw e e n  th e o ry  a n d  e x p e r im e n t can  
b e  reach ed  w ith  ey a t  a p p ro x im a te ly  9 6 %  o f its  fu lly  re la x e d  v a lu e . F r ic t io n  a t  th e  
a n v il surfaces w o u ld  acco un t fo r a b o u t a  4 %  re d u c tio n  in  ey, us in g  th is  m o d e l. T h e  
s itu a t io n  is p ro b a b ly  m o re  c o m p lic a te d  th a n  th is  b u t  th e  s im p le  m o d e l shows h o w  
v e ry  s m a ll changes in  fr ic t io n  can  ra d ic a lly  a lte r  th e  e x p e r im e n ta l resu lts .
1 5 0 0
 Theory with Friction
  Experimental Measurement
1 4 9 0  -
g i 1 4 8 0
<D 
<D >
£  1 4 7 0bJQ C
^  1 4 6 0  [
1 4 5 0
9 0 9 2 9 4 9 6 98 100
f  ( % )  ( w h e r e  £ N= f e lt )
F ig u re  7 .11 : S im p le  fr ic t io n  m o d e l to  acco u n t fo r  th e  d isc rep an cy  b e tw e e n  th e o ry  
a n d  e x p e r im e n t a t 5 .4 k b a r  in  F ig . 7 .1 0 .
T h e r e  p ro b a b ly  exists a  c o m p le x  m ix tu re  o f a ll these effects w h ic h  can  c o n tr ib u te  
to  d iscrepancies  b e tw e e n  th e o ry  a n d  e x p e r im e n t. T h e  d isc rep an cy  b e tw e e n  th e o ry  
a n d  e x p e r im e n t described  above has b een  observed  in  a  n u m b e r  o f devices a t  
d iffe r in g  s tra in s  a n d  is n o t l im ite d  to  a  one m e a s u re m e n t e ffec t. H o w e v e r, these  
p ro b le m s  can  b e  red u c e d , o r in d eed  e lim in a te d , b y  b e t te r  e n g in e e rin g  o f th e  cell
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a n d  p is to n  d r iv e  a p p a ra tu s , w h ic h  w ill  b e  discussed a t th e  e n d  o f th is  c h a p te r .
In  o rd e r to  o b ta in  re lia b le  resu lts  fro m  u n ia x ia l stress m e a s u re m e n ts  i t  is im p o r ta n t  
th a t  th e  resu lts  b e  re p ro d u c ib le . A t  p resen t s m o o th ly  v a ry in g  b u t n o t consisten t 
resu lts  on  th e  te n s ile -s tra in e d  lasers have  been  o b ta in e d  fo r  th re e  d iffe re n t s tra in s  
(0 .5 3 % , 0 .7 9 %  a n d  0 .9 7 % ) a ll show ing  changes in  th e  th re s h o ld  c u rre n t w h ic h  agree  
re a s o n a b ly  w e ll w ith  th e  e x p e r im e n ta l resu lts  show n in  c h a p te r 6.
O n e  in te re s tin g  p o in t o f n o te  is th e  m o v e m e n t o f th e  la s in g  w a v e le n g th  w ith  u n ia x ­
ia l  stress. In G a A s  lasers g ro w n  w ith  in creas in g  ten s ile  s tra in , a n d  hence ch ang ing  
a llo y  c o m p o s itio n , a n d  w ith  th e  sam e w e ll w id th  show  a  decrease in  th e  las in g  
w a v e le n g th . W h e re a s  a p p ly in g  u n ia x ia l stress to  a  p a r t ic u la r  te n s ile -s tra in e d  d e­
v ice  resu lts  in  an  increase in  th e  las in g  w a v e le n g th . B y  c a re fu l co n s id e ra tio n  o f  
devices a n d  ana lys is  o f th e  ty p e  used in  c h a p te r 6 w i th  u n ia x ia l stress i t  m a y  b e  
possib le to  decoup le  th e  effects o f s tra in , w a v e le n g th , w e ll w id th  a n d  co m p o s itio n  
c o n tr ib u tin g  to  th e  p e rfo rm a n c e  o f s tra in e d  q u a n tu m  w e ll lasers .
7 . 6  S u m m a r y  a n d  D i s c u s s i o n  o f  F u r t h e r  W o r k
T h e  a im  o f th e  w o rk  d escribed  in  th is  c h a p te r w as th e  design  a n d  use o f a  n e w  u n i­
a x ia l stress a p p a ra tu s  using  opposing  d iam o n d s  in  a s ta n d a rd  m in a tu re  d ia m o n d  
a n v il cell. I t  is show n th a t  revers ib le  u n ia x ia l stress m e a s u re m e n ts  w ere  possib le  on  
b o th  r id g e -w a v e g u id e  a n d  o x id e -d e fin e d  s tr ip e  lasers u p to  a b o u t 5 k b a r . I t  is n o t  
c lea r w h e th e r  th e  a lig n m e n t accu racy  o f th e  d ia m o n d  a n v ils  gave g re a t im p ro v e ­
m e n t in  th e  m a x im u m  stress ach ievab le . H o w e v e r, us ing  d ia m o n d s  does p ro v id e  
th e  f le x ib il ty  to  e m p lo y  o p tic a l tran sm iss io n  an d  p h o to lu m in e s c e n c e  m e th o d s , an d  
in d e e d  o u r p re lim in a ry  resu lts  exceed th e  m a x im u m  w o rk in g  stresses ach ie v a b le  b y  
an yon e  to  d a te  on I I I - V  sem ico n d u c to r lasers. A  n u m b e r o f tech n iq u es  w ere  ex ­
p lo re d  to  p ro v id e  e le c tr ic a l c o n ta c tin g  to  th e  tw o  d iffe re n t la s e r d ev ice  s tru c tu re s , 
a n d  in  b o th  cases, a  re lia b le  m e th o d  w as devised . I t  was observed  fr o m  m easu rin g  
th e  la s e r c h a rac te ris tics  d u rin g  stress th a t  variou s  f r ic t io n a l e lem en ts  ex is t in  th e  
a p p a ra tu s . Som e o f these fac to rs  h ave  been  red u ced  th ro u g h  th e  use o f lu b r ic a t io n .  
H o w e v e r, th e re  s t i l l  rem a in s  a  n u m b e r o f e x p e r im e n ta l p ro b le m s .
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7.6.1 N e w  Im proved  D esigns for U n ia x ia l Stress
O n e  o f th e  outcom es o f th is  w o rk  is th e  e x p erien ce  g a in e d  us in g  d ia m o n d s  as a  
u n ia x ia l stress a n v il. T h e re  a re  a n u m b e r o f o p tio n s  n o w  a v a ila b le  fo r  w o rk  to  
c o n tin u e  a n d  im p ro v e  th e  e x is tin g  system . T h e  d ia m o n d  a n v il ce ll w as designed  
a n d  w o rks  best a t forces o f m a n y  k N ; th e  u n ia x ia l stress m e a s u re m e n ts  w e re  p e r ­
fo rm e d  a t b e tw e e n  10 an d  6 0 N . T h e  p is to n  d r iv e  a rra n g e m e n t has sh ow n  som e  
fr ic t io n  p a r t ic u la r ly  a t h ig h e r forces d u r in g  u n ia x ia l stress, even  w h e n  lu b r ic a te d .  
A  n u m b e r o f re c o m m en d a tio n s  can  b e  m a d e  fo r  fu tu re  w o rk  in v o lv in g  u n ia x ia l  
stress based on th is  system  a n d  are su m m arised  b e lo w .
( 1 )  F o r  r o o m  t e m p e r a t u r e  a n d  a b o v e  L a s e r  M e a s u r e m e n t s
T h e  sys tem  d escrib ed  in  th is  c h a p te r w as designed to  b e  used on  b o th  lasers an d  
m a te r ia ls  a t te m p e ra tu re s  b e tw een  liq u id  H e liu m  a n d  4 0 0 ° K . A  design  o f th is  so rt 
te n d e d  to  c o m p lic a te  a n d  co m p ro m ise  m e a s u re m e n t w h e re  v a c u u m  seals a n d  lo n g  
co ld  arm s w ere  needed . I t  is suggested th a t  a  s im p le  a p p a ra tu s  b e  des igned  us ing  
d iam o n d s  o r p e rh a p s  tu n g s te n  ca rb id e  an v ils  m o u n te d  on  a  P e lt ie r  h e a te r /c o o le r  
fo r  ro o m  te m p e ra tu re  a n d  above o p e ra tio n  on laser chips. T h e  use o f lo w  fr ic t io n  
m a te r ia l ,  such as T e flo n , fo r th e  force p is to n  could  be used in  these m e a s u re m e n ts  
w h e re  lo w  forces a re  a p p lie d . A d ju s tm e n t o f th e  fo rce  o n  th e  p is to n  co u ld  be  
ach ieved  us ing  a  liq u id  tra n s fe r system  w h e rb y  w a te r  (o r  a n o th e r  l iq u id )  w as s lo w ly  
fed  in to  a  c y lin d e r ab ove  th e  p is to n . T h e  w e ig h t o f th e  w a te r  w o u ld  c o n tro l th e  
fo rce  on  th e  p is to n  a n d  could  b e  rem o ved  using a s im p le  ta p  a t th e  b o t to m  o f th e  
c y lin d e r .
( 2 )  L o w  t e m p e r a t u r e  M a t e r i a l s  a n d  L a s e r  M e a s u r e m e n t s
A  system  based on  th e  p resen t p is to n  d riv e  m e c h a n is m  is s u ita b le  fo r  use in  a  
c ry o s ta t. H o w e v e r, th e  d ia m o n d  a n v il cell c u rre n tly  used needs red es ig n in g  fo r  
a m u c h  lo w e r p is to n  fo rce  reg im e . A g a in  d iam o n d s  w o u ld  b e  used as th e  a n v ils . 
H o w e v e r, T e flo n  o r som e s im ila r  m a te r ia l cou ld  b e  used as th e  fo rc e  p is to n  due  
to  i t ’s m u ch  lo w e r fr ic t io n . A lso  th e  sp rin g  system  used to  d r iv e  th e  fo rc e  p is to n  
co u ld  b e  im p ro v e d  b y  th e  use o f so fter springs to  in crease  th e  c o n tro lla b i li ty  o f  th e  
stress.
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7.6.2 F utu re  E xp erim en ta l W o rk
F u tu re  m e a s u re m e n ts  w il l  b e  c a rr ie d  o u t using u n ia x ia l stress, n o t o n ly  o n  lase r  
devices b u t  o p tic a l a m p lifie rs . Im p ro v e m e n ts  in  th e  re l ia b il ty  a n d  re p ro d u c ib ilty  
o f m e a s u re m e n ts  w il l  f irs t be u n d e rta k e n . T h is  w i l l  th e n  e n a b le  us to  s tu d y  th e  
fo llo w in g  ch a ra c te ris tic s .
(1 )  T h e  ten s ile  s tra in  devices describ ed  in  th is  c h a p te r  w ill  b e  s tu d ie d  fo r  
each  s tra in  a n d  w i l l  be c o rre la te d  w i th  m easu rem en ts  in  e q u iv a le n t r id g e -w a v e g u id e  
s tru c tu re s  to  m easu re  a c c u ra te ly  th e  change in  th e  e x te rn a l e ffic iency  o f th e  lasers  
a t  d iffe r in g  s tra in s .
(2 )  T h e  v a r ia t io n  o f s tra in  u p to  0 .3 5 %  in  a v a r ie ty  o f la s e r dev ice  s tru c tu re s  
o p e ra tin g  a t  d iffe re n t s tra in s  an d  w ave len g ths  in  o rd e r to  s tu d y  th e  co m p o n en ts  
o f th re s h o ld  c u rre n t a n d  i t ’s te m p e ra tu re  s e n s itiv ity  w ith  b o th  in -b u il t  s tra in  a n d  
stress in d u c e d  s tra in .
(3 )  Lasers  a t o p t im a l s tra in s , w h e re  i t  is e x p e c te d  th a t  th e  th re s h o ld  c u rre n t  
a n d  e ffic ien cy  w il l  v a ry  l i t t le  w ith  s tra in . T h is  has consequences w h e re  stresses 
d ue  to  b o n d in g  m a y  cause s ig n ifican t changes in  th e  d e v ic e ’s p e rfo rm a n c e .
(4 )  N e w , h ig h  e ffic iency  laser s tru c tu re s  w ith  o r t l io rh o m b ic  c ry s ta l s y m m e try
Pp ro d u c in g  b e t te r  p e rfo rm a n c e  in  T E  com ressive lasers th a n  a re  ab le  to  b e  g ro w n , 
a t p resen t.
(5 )  T h e  e ffect o f s tra in  on p o la r is a tio n  in s e n s itiv e  o p t ic a l a m p lifie rs  w o rk in g  a t 
1 .5 /zm . T h e  m a in  a im  b e in g  to  o p tim is e  s tra in s  to  ach ive  p o la r is a tio n  in s e n s it iv ity  
o ver la rg e  ranges o f in p u t  p o w er a n d  bias.
>(: H: Hi * * *
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C h a p t e r  8  
T h e s i s  S u m m a r y
T h e  w o rk  c a rr ie d  o u t in  tliis  thesis considered  th e  effects o f  e las tic  s tra in  on  th e  
p ro p e rtie s  o f  se m ic o n d u c to r lasers o p e ra tin g  a ro u n d  1 .5 /m i  p re d o m in a n tly  used fo r  
use in  o p t ic a l c o m m u n ic a tio n  system s. In  each o f th e  resu lts  c h ap te rs  a p p ro p r ia te  
conclusions a n d  so m etim es discussions o f fu tu re  w o rk  have  a lre a d y  been  p resen ted . 
H o w e v e r, i t  is usefu l in  th is  c h a p te r  to  sum m arise  a n d  g a th e r  to g e th e r th e  m a jo r  
conclusions fro m  th e  w o rk  described  in  th is  thesis.
C o m p a r is o n  o f th e  a to m is tic  a n d  c o n tin u u m  s tra in  c a lc u la tio n s  gave g o o d  agree­
m e n t, even  in  layers  w ith  thicknesses o f 5 m on olayers  (ra 1 5 A ) ,  in d ic a t in g  th a t  
c o n tin u u m  c a lc u la tio n s  are  s t i ll re le v a n t fo r p re d ic tin g  th e  s tra in  d is tr ib u tio n s  o f  
th in  s tra in e d -la y e r  s. T h e  a to m is tic  m o d e l used was h ig h ly  s im p lis tic  a n d  cou ld  
b e  fu r th e r  d eve lo p ed  using  d iffe re n t la t t ic e  a rra n g e m e n ts  a n d  p o te n t ia ls  in c lu d in g  
3 D  system s. T h e  s tra in  re la x a tio n  a t th e  edge o f s tra in e d - la y e r  s tru c tu re s  is o fte n  
ig n o re d  as a n  im p o r ta n t  effect in  s tra in e d  o p to e le c tro n ic  devices. T h e  change in  
s tra in  w i l l  a lte r  th e  o p tic a l p ro p e rtie s  o f the  s e m ic o n d u c to r, fo r e x a m p le  a t  th e  
fa c e t o f a  lase r w h ic h  m a y  affect th e  d e v ic e ’s p e rfo rm a n c e . O th e r  e ffects  such as 
th e  s tra in  fie ld  a ro u n d  a  d is lo ca tio n  can  be s tu d ie d , re la t iv e ly  eas ily  us ing  th e  
a to m is tic  m e th o d .
T h e  b u lk  an a lys is , s tu d ie d  in  c h a p te r 4 , served a  usefu l p urpo se  in  e v a lu a tin g  
som e n e w  m ech an ism s responsib le  fo r th e  im p ro v e d  p e rfo rm a n c e  o f s tra in e d - la y e r  
lasers . T h e  an a lys is , because o f i t ’s s im p lic ity  w as ab le  to  in v e s tig a te  fu d a m e n ta l  
changes o f th e  la s e r p ro p e rtie s  w ith  s tra in , w ith o u t  b e in g  in flu e n c e d  b y  q u a n tu m  
w e ll p a ra m e te rs , fo r  e x a m p le  changes o f c o m p o s itio n , c a rr ie r  c o n fin e m e n t, w e ll-  
w id th  a n d  b a n d -g a p  e tc . T w o  m a in  conclusions can  be m a d e  fro m  th is  w o rk  :
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( i )  B y  m o v in g  a p a r t  th e  h e a v y -h o le  a n d  lig h t-h o le  va len ce  b a n d s , th e  s tra in  reduces  
th e  d e n s ity  o f s ta tes  a t  th e  to p  o f th e  va len ce  b a n d  a n d  a llo w s  o p t ic a l tra n s p a re n c y  
a n d  th e  la s in g  th re s h o ld  to  b e  ach ieved  a t a lo w e r in je c te d  c a rr ie r  a n d  c u rre n t  
d ens ity .
( i i )  T h e  s tra in  m o d ifie s  th e  th re e  d im e n s io n a l s y m m e try  o f  th e  w ave  fu n c tio n s  
w h ic h  ex is t in  th e  b u lk  c ry s ta l a n d  m atches  th e m  m o re  e ffe c tiv e ly  to  th e  one  
d im e n s io n a l s y m m e try  o f th e  laser b e a m .
In  c h a p te r  6 , a  q u a n t ita t iv e  s tu d y  o f th e  th re s h o ld  c u rre n t a n d  its  c a v ity  le n g th  
depen d en ce  fo r u n s tra in e d , co m p re s s iv e ly -s tra in e d  a n d  a series o f te n s ile -s tra in e d  
q u a n tu m  w e ll lasers w as c a rr ie d  o u t. I t  w as show n th a t  th e  change in  th e  th re s h o ld  
c u rre n t can  be m a in ly  a t t r ib u te d  to  severa l key p a ra m e te rs ; n a m e ly  th e  d iffe re n ­
t ia l  g a in  co e ffic ie n t, tra n s p a re n c y  c a rr ie r  d ens ity , A u g e r  re c o m b in a tio n  co effic ien t 
a n d  o p t ic a l c o n fin e m e n t fa c to r . G o o d  ag reem en t w as o bserved  b e tw e e n  th e  e x p e r­
im e n ta l c o e ffic ie n t, (3 , d ic ta t in g  th e  dependence o f th e  th re s h o ld  c u rre n t d e n s ity  
w ith  c a v ity  le n g th , a n d  tw o  th e o re tic a l p a ra m e te rs ; n a m e ly , th e  d iffe re n tia l g a in  
co e ffic ie n t, g Q a n d  th e  o p tic a l c o n fin e m e n t fa c to r , I \  T h e  resu lts  also show ed a  
s tro n g ly  v a ry in g  A u g e r co effic ien t w ith  s tra in , w h ic h  agrees w ith  som e th e o re ti­
c a lly  p re d ic te d  values fro m  th e  li te ra tu r e . M o re  w o rk  in  th is  a re a  is re q u ire d  to  
fu lly  th e  q u a n tify  th e  o bserved  effects due to  u n c e rta in tie s  in  th e  an a lys is , d is­
cussed in  c h a p te r  6. O n e  im p o r ta n t ,  a n d  u n c e rta in  p a ra m e te r  is th e  o p t ic a l loss 
in  th e  te n s ile -s tra in e d  devices, a n d  possib le  e x p e rim e n ts  a re  suggested to  e v a lu a te  
these losses.
T h e  u n ia x ia l stress sys tem  is u n d e r c o n tin u in g  d e v e lo p m e n t an d  w i l l  s h o r tly  b e  
re -des ign ed  fo llo w in g  th e  p roposals  m a d e  a t th e  end  o f c h a p te r  7. F r ic t io n  a t  
th e  a n v il surfaces needs to  b e  fu r th e r  s tu d ied . F ro m  th e  w o rk  in  c h a p te r  6 , i t  
w as s ta te d  th a t  m a n y  u n c e rta in tie s  ex is t due to  ch an g in g  c o m p o s itio n  w ith  s tra in .  
C a re fu l u n ia x ia l stress e x p e rim e n ts  co u ld  be u n d e rta k e n  to  change th e  s tra in  in  
th e  a c tiv e  re g io n , m e a s u rin g  th e  th re s h o ld  c u rre n t a n d  e ffic ien cy  as a  fu n c tio n  o f  
th e  s tra in  a n d  c a v ity  le n g th  o f th e  devices, w h ich  w o u ld  b e  a  usefu l a d d it io n  to  
th e  ana lys is  d escrib ed  in  c h a p te r  6. T h e  in v e s tig a tio n  o f th e  effect o f in te rv a le n c e  
b a n d  a b s o rp tio n  in  s tra in e d  la y e r  lasers using  u n ia x ia l stress is suggested. T h e re  
are  m a n y  m o re  m e a s u re m e n ts , using  u n a ix ia l stress, th a t  can  b e  u n d e r ta k e n  on  
lasers a n d  o th e r  o p to e le c tro n ic  devices a n d  m a te r ia ls  as th e  in c o rp o ra tio n  o f s tra in  
i l l  these devices becom es m o re  p re v a le n t.
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